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ABSTRACT 

Following nitrosoguanidine (N-methyl-lT'-nitro-ir-

nitrosoguanidine) mat agenesis, an Escherichia ooli K-12 

mutant was isolated which is defective in the Collb medi

ated restriction of bacteriophage T5>. A genetic analysis 

of the Cmr" defect revealed that the fully Gnu?" phenotype 

is the result of two mutations; one in the cmrA gene, which 

is shown to be 91 percent cotransducible with spcA and 

proximal to aroE. and one at the cmrB locus, which was 

shown to be 7£ percent cotransducible with 3trA. and distal 

to aroE. Heterozygous cmr*/cmr" derivatives were con

structed and used to show that the cmr mutations are reces

sive to wild type. The mutations responsible for the fully 

Cmr" phenotype were transferred into derivatives of strain 

DME>06 by transduction and conjugation, using an intermedi

ate strain (TTT.I)J) } and their collective properties were 

studied. 

One step growth kinetics and plating efficiency of 

TjJ on the mutant derivative were shown to be comparable to 

those of the wild type noncolicinogenic permissive host 

strain, even when the mutant harbors an unmutagenized Collb 

plasmid. In the absence of a Collb plasmid, the cmr mutations 

do not appear to alter phage growth. When phage proteins syn

thesized in Cmr+ (Collb") and Cmr" (ColIb+) host cells were 

x 



xi 

compared by polyacrylamide-SDS gel electrophoresis, it was 

found that shutoff of pre-early phage protein synthesis is 

delayed in the fully permissive mutant background. This 

defect was not observed when a singly mutant partially 

permissive omr derivative was tested. The plating effi

ciency of bacteriophage lambda was unaffected by the cmr 

mutations. Two other JE. coli mutations, crp and dnaG, 

mapping near the cmr loci were shown to have no affect on 

ColXb mediated restriction. 

The influence of the mutant omr alleles on other 

plasmid functions was determined. Colicin production and 

colicin immunity are essentially normal in Cmr" cells. 

The levels of antibiotic resistance conferred by two 

resistance plasmids, Rldrdl9 and R61idrdll, was also found 

to be similar in the wild type and Cmr" mutant host. 

The collective affects of the cmr mutations on host 

cell metabolism are minor, resulting in a slight reduction 

in growth rate. The cmr" alleles were also found to make 

plasmid free cells more sensitive to aminoglycoside anti

biotics. 

Current models regarding the restriction of 

bacteriophage T£ growth in Collb host bacteria are dis

cussed. A model is proposed which suggests that Collb 

mediated restriction may arise from plasmid interference 

with phage expression at the post-transcriptional level. 



xii 

It is postulated that a Collb product (Pha) prevents tight 

binding of Class II phage mrNA to wild type (Cmr+) ribo-

somes and that these raRUA species thus become sensitive to 

ribonuclease attack. 

The expression of bacterial plasmids in two E. coli 

deoxyribonucleic acid (DNA) repair mutants was also examined. 

Evidence is presented to show that the tif mutation, which 

causes thermal induction of bacteriophage lambda, similarly 

affects Collb induction. 

Expression of the CoIEl plasmid in recA. recA tsl 

PQoA tsl uvrA E. coli host cells was also tested. Coli-

cin synthesis, which is defective in recA or lex cells, is 

shown to be restored in the recA t3l double mutants. The 

presence or absence of the uvrA allele has no influence on 

colicin synthesis. 



CHAPTER 1 

INTRODUCTION" 

The Nature of Bacterial Plasmids 

Plasmids are extrachromosomal genetic elements that 

are stably maintained in Escherichia coli [E. coli] as well 

as in a wide variety of other species of bacteria. Numer

ous studies have shown that plasmids consist of covalently 

closed circular DNA molecules which are not covalently 

attached to the host chromosome (Clowes 1972, Helinski and 

Clewell 1971)• Their extrachromosomal nature has been con

firmed both by genetical means, showing that chromosomal 

and plasmid genes are unlinked, and by physical analysis in 

the electron microscope (Fredericq and Betz-Bareau 1953, 

Roth and Helinski 1967). 

Properties Attributable to Plasmids 

The resident plasmid may have little or no observable 

effect on the host cell as is seen with the so-called cryp

tic plasmids in E. coli 1$ and in Bacteroides. or it may 

confer one or several of a large variety of new properties 

on the host bacterium (Goebel and Schremph 1972a, Guiney and 

Davis 1975)• Among these plasmid specified properties are 

the production of the antibiotic protein colicin. Other 

properties attributable to plasmid genes include increased 
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resistance to antibiotics, the production of bacterial 

toxins, increased host cell pathogenicity and altered 

antigenicity, production of hemolysin, increased resistance 

to heavy metals, increased resistance to ultraviolet light 

and the ability to metabolize unusual hydrocarbons such as 

octane and napthalene. Plasmids have also been identified 

which produce nucleases or which are able to suppress host 

cell genetic defects (Schlessinger 19750. 

Collcin. a Bacteriocin of TaaMwrH fOrt« <v»n 

The production of bacteriocins, substances which 

inhibit the growth of species closely related to the pro

ducing strain, seems to be almost universal among groups 

of bacteria. The most studied of these are the colicins, 

produced by members of the Enterobacteriaceae; Plasmids 

which specify the production of colicin are called Col 

plasmids and are of a major importance in this study. 

When examined in vitro from gently lysed cells, 

Col plasmids are found to be predominantly in the form of 

supercoiled covalently closed circular DMA molecules 

(Helinski and Clewell 1971) • The molecular weights of 

many Col plasmids have been determined and seem to fall 

into two general categories (Hardy 1975* Hardy et al. 1973* 

Helinski 1973)* The monomer forms of the none on jug at ive 

Col plasmids D-Ca23, D1-K30, El-16, E2-P9, E3-Ca38 and 

K-235 have molecular weights of about 5 * 10^, sufficient 
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DNA to code for about ten proteins. The monomer forms of 

the conjugative Col plasmids B-K77* Ia-Ca38, Ib-P9, V-k30 

and V-k9l|. have molecular weights in the range of 62 x 10 

to 9ij. x 106, enough DNA to code for about 100 different 

proteins. Hardy et al. (1973) have proposed that for con

venience, Col plasmids be considered as falling into two 

groups based largely on genome size: group I including 

the small nonconjugative plasmids and group II, the large 

conjugative Col plasmids. Although the grouping is some

what arbitrary, it is often useful and will be referred to 

from time to time in this dissertation. 

In general, colicins are proteins with the molecu

lar weights in the range of 18,000 to 90,000. Colicins 

D-0a23, EL-K30, E2-P9, E3-Ca£3, Ib-P9 and K-235 bave been 

isolated as simple proteins with molecular weights ranging 

from Ij.f?,000 to 90,000 (Herschman and Eelinski 1967* 

Jesaitis 1970, Konisky and Cowell 1972b, Schwartz and 

Helinski 1971* Timrais 1972). Colicins Ia-Ca£>3 and Ib-P9 

show immunological cross-reactivity and peptide maps 

derived from tryptic digests suggest similarity in their 

amino, aoid sequences (Isaaoson and Konisky 1972, Konisky 

and Cowell 1972a). 

There is no immunological relatedness between 

colicin E1-K30 and colicins E2-P9 or E3-Ca38 or between 

the E type colicins and colicin K; nor are there any 
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further indications of amino acid relationships between 

colicins (Hardy 1975# Konisky 1973# Schwartz and Helinski 

1971). 

Induction of Colicin 

In many ways, induction of Col plasmid genes re

sembles that of a lysogenic bacteriophage. Under most 

growth conditions, synthesis of all by a few proteins coded 

by temperate phage genomes is repressed. The synthesis of 

colicln also appears to be repressed in most cells in a 

Col+ culture. Since colic in synthesis i3 a lethal event, 

derepression of oollcin synthesis in a small fraction of 

the Col+ cell3 may increase the probability of survival of 

the rest of the cells in the clone by inhibiting growth 

of competing bacteria. This, however, is purely conjecture 

since very little work has been done to study the success 

of Col+ bacteria versus colicln-sensitive strains in col-

onizing their normal habitat, the gut. 

The formation of lacunae (small clearings, super

ficially resembling phage plaques, and which are produced 

by the colicln released from Individual colicinogenic 

bacteria) by only a small portion of cells harboring E or 

K colicln plasmids, and micromanipulation experiments, 

which show that only a small portion of pairs of Col+ and 

colicin-sensitive bac-freria are unable to co-exist, indicate 

that colicln synthesis is repressed in most Col+ cells 
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(Monk and Clowes 1961|h; Ozeki, Stocker, and de Margerie 

1959). The number of lacunae and the colicin titer both 

increase following ultraviolet irradiation or Mitomycin C 

treatment (Monk and Clowes 196ijb). Colicin-producing cells 

remain intact but do not divide to form lacunae-forming 

daughter cells (Hardy, Harwood and Meynell 197^) • 

The parallels between prophage induction and induc

tion of colicin synthesis suggest that a similar mechanism 

may be responsible for both events. Many treatments which 

alter DNA metabolism bring about prophage induction and 

also induce the synthesis of colicins, It should be noted, 

however, that these same treatments do: not derepress con

jugal transfer genes in conjugative Col plasmids (Watanabe 

1967). Treatments which induce colicin synthesis include 

W-irradiation, X-irradiation, thymine starvation, Mito

mycin C and heat induction using thermosensitive mutants 

which are defective in DNA synthesis at the restrictive 

temperature (Hardy and Meynell 1972a,b,c; Hausman and 

Clowes 19711 Bjima 1962; Jacob, siminovitch and Wollman 

1952; Kohiyama and JToraura 1965; Sicard and Devoret 1962). 

The tif-1 mutation of E. coli, which causes the thermal, 

induction of a lambda lysogen at high temperature (l|0-lf2°) 

will also cause thermal induction of Co2E2 (Hardy 1975)* 

E. coli mutations which prevent induction of temperate 

phages also seem to adversely affect the induction of coli

cins. Expression of Col plasmids in recA and lexA as well 
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as in tif-1 E. coli derivatives is discussed in the section 

on interactions of host cells and plasmid genes. 

Unlike prophage induction, however, induction of 

colicin synthesis need not be accompanied by increased 

replication of the Col plasmid. In Broteus mirabilis cells 

harboring the C0XDI-K30 plasmid, the increase in colicin 

titer after Mitomycin C treatment closely parallels an-

increase in plasmid DNA (DeWitt and Helinski 1965). But 

in E. -coli. increased plasmid replication i3 not observed 

after induction of colicins E1-K30, E2-P9 or Ib-P9 

(Durkacz and Sherratt 1973> Hardy and Meynell 1972b, 

Isaacson and Konisky 197^h, Schiess and Goebel 197^) • 

Colicinogenic cells, like some lysogenic bacteria, 

are more sensitive to inducing agents in that colicin pro

duction is a lethal event, but the molecular mechanism 

underlying cell death after colicin induction is unknown 

(Herschman and Helinski 1967). Inselburg (197^) found that 

a C0IEI-K30 plasmid which did not produce an active colicin 

also did not increase the sensitivity of cells to inducing 

agents. However, cell death does not seem to be a result 

of overwhelming the cells* immunity to colicin, since 

death of GolE2-F9+ cells after induction is not due to 

degradation of DMA, which is the lestion characteristically 

produced by colicin E2 (Margolin and Kennedy 1973). 

Differences between temperate phage induction and 

the induction of colicin synthesis include the absence of 
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zygotic induction when Col plasmids are transferred to Col" 

bacteria, and the differing effects upon induction when 

protein synthesis is inhibited (Kennedy 1971)* Colicin 

production is stimulated when protein synthesis is resumed 

after a period of inhibition (Nagel de Zwaig, Anton, and 

Puig 1962). 

Immunity to Colicin 

Bacteria which harbor a Col plasmid are immune to 

the specific action of the colicin produced by that plasmid. 

The mechanism of this protection is not understood except 

for the immunity which is determined by ColE3-Ca38. 

The immunity conferred by Col plasmids is highly 

specific; immunity conferred by ColIb-P9 will protect the 

host cell from the action of colicin lb but not from 

killing by the structurally very similar colicin Xa, pro

duced by the ColIa-Ca53 plasmid (Isaacson and Konisky 1972, 

Konisky and Cowell 1972b, Stocker 1966). T-even bacterio

phage also confer immunity to superinfection by the same or 

closely related phages; superinfecting DNA is degraded out

side the cytoplasmic membrane (Anderson, William^ and Eig-

ner 1971; Dulbecco 1952; Vallee, Cornett, and Bernstein 

1972). The immunity determined by T-even phages to phage 

ghosts, which is superficially similar to colicin immu

nity, is less specific than Immunity to colic ins. For ex

ample, immunity conferred by bacteriophage T6 determines 
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immunity to T2 and Tlj. as well as T6 phage ghost3 (Okamoto 

1973). 

The protein responsible for immunity toward colicin 

E3-Ca38 has been purified and appears to be an acidic pro

tein with a molecular weight of about 10,000 (DeGraaf and 

Klaasen-Boor 197kt Jakes, Zinder, and Boon 197^; Sidikaro 

and Nomura 197k* 1975) • While the precise mechanism of 

action for the C0IE3 immunity protein is not known, several 

observations have been made. Although the immunity protein 

is obviously produced constitutively since all Col+ cells 

are immune, synthesis is induced to still higher levels by 

Mitomycin C (Jakes et al. 197l|-> Sidikaro and Nomura 197W-

The immunity protein seems to act stoichiometric ally; one 

mole of immunity protein neutralizes one mole of colicin 

(when colicin activity is assayed in vitro) (Jakes and 

Zinder 197k)• 

Action of Colicins 

In the broadest sense, the mechanism for colicin 

inhibition of sensitive cells can be divided into two 

steps: adsorption of the colicin to specific receptors in 

the outer membrane of the bacterium, and conversion of 

the trypsin-sensitive receptor-colicin complex into a 

trypsininsensitive form required for killing activity. The 

second st ep is energy-dependent and is prevented by un

coupling agents such as sodium azide (Haidyl97f>). Many of 
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the genetic loci responsible for bacteriophage resistance, 

i.e., coding for phage receptors, also code for resistance 

or sensitivity to various colicins. For example, the bfe 

locus, which specifies resistance or sensitivity to bac

teriophage BF23* also produces cross-resistance to the E 

colicins (Fredericq 19^9). 

The receptor for colicins la and lb has also been 

isolated and appears to be a protein with a molecular 

weight of about 307*000. E. coli mutants which lack this 

protein have been identified and map at the cir locus. 

tonB mutants, which are also resistant to I-type colicins, 

were not examined (Konisky and Liu 197^) • 

The killing of cells by colicins follows single 

hit kinetics (Hedges 1966), a lethal unit (i.e., the mean 

number of colicin molecules required to kill one cell) 

varies from one to several thousand (Konisky and. Liu 1971^, 

Maeda and Nomura 1966, Mitusi and Mizuno 1969)* This can 

be interpreted to mean that one colicin molecule kills a 

sensitive cell with a certain probability. The element of 

probability may be a result of the proportion of inactive 

or ineffective receptors on the cell surface or of a pro

portion of inactive colicin molecules (Hardy 1975). As an 

example, for 95# of cells killed by colicin IA, a lethal 

unit corresponds to 10 colicin molecules, for 3# further 

inhibition, the lethal unit corresponds to 300 colicin 

molecules (Koni3ky and Cowell 1972a). 
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Except in the case of colic ins E3-Ca38 and E2-P9, 

the precise mechanism, of inhibition of sensitive cells by 

colicin is not well understood. The effects of colicins 

lb, la and El on sensitive cells are somewhat similar in 

that they inhibit numerous transport processes and other 

energy-dependent systems (Fields and Luria 1969a,b; Jakes 

et al. 197i(.; Levison, Konisky, and Nomura 1968; Luria 

1975) • Several transport systems Imown to be driven by 

energy derived from the electron transport chain are 

inhibited by colicin la, even though electron transport 

remains functional in Coll a treated sensitive cells 

(Konisky 1975)- Similarly, colicins Elk-K30 and K-235 

uncouple various energy-dependent processes, e.g., trans

port of amino acids (Fields and Luria 1969a). This in 

turn leads to the observed inhibition of protein synthesis 

in ColEl treated cells (Luria 1973* 1975) • The sodium-

potassium ion "pump" is also inactivated by ColEl and 

cells become more permeable to magnesium and calcium ions 

(Dandeu, Billault, and Barbu 1969; Feingold 1970; Hirato, 

Fukui and Ishikawa 1969; Lusk and ITelson 1972; Wendt 1970). 

ATP levels in colicin treated cells i3 reduced but this 

appears to be the result rather than the cause of break

down of other cell processes (plate et al. 197J+). In 

general, the mode of action of colicins El, K, A and la. 

seems to be to prevent the formation of or to induce the 
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dissipation of a biologically functional "energized" mem

brane (Konisky 197£) • The molecular basis for the action 

of these colicins is obscure. 

As mentioned earlier, it is commonly assumed that 

the production of colicin offers some selective advantage 

to the bacterium harboring the Col plasmid since the oolicin 

inhibits growth of closely related competing species. It 

is surprising, therefore, to find that much of the oolicin 

produced by Col+ cells is not released into the environment 

but remains cell-bound (Hardy et al. 1973). The retention 

of colicin by producing cells is striking in E. coli 

strains which are colicin resistant. More than 8,q# of the 

colicin produced by cultures of bacteria harboring ColB, 

Coll, or ColV pla3mids wa3 found to be cell-bound, whereas 

more than half of the colicin produced by the group I 

plasmids ColEl and ColK was released into the environment 

(Hardy et al. 1973). 

Conjugation, a Plasmid-Determined Function 

Many bacterial plasmids (called conjugative plasmids) 

are capable of mediating the conjugal transfer of genetic 

material to suitable recipient cells. In the most general 

sense, bacterial conjugation can be described as the direct 

transfer of DNA from one bacterium to another during inti

mate cell contact. The transfer of various conjugative 

plasmids and of chromosomal DNA to recipient cells of E. 
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coli and to other enteric bacteria was first observed and 

described by Lederberg and T a turn in 19l|.6 and has been the 

subject of numerous genetic and molecular studies (Davis 

1950; Lederberg and latum 19l|.6a,b; Sasaki and Bertani 1965). 

Through the mechanism of conjugation, bacterial strains 

that possess a resistance [R] plasmid in association with 

a conjugal fertility factor (also called resistance trans

fer factor or RTF) are capable of transferring the R plas

mid, and, with low frequency, chromosomal markers (Sugino 

and Hirota 1962, Watanabe 1963). Similarly, colicinogenic 

strains are often capable of transferring the Col plasmid 

and, with low frequency, chromosomal markers (Clowes 1961, 

Moody and Hayes 1972, Ozeki and Howarth 1961). 

Classification of Con.lugative Plasmids 

Conjugative plasmids can, in general, be divided 

into two groups, those which specify the synthesis of F-like 

pili and those which specify the production if I-like pili. 

This distinction is based upon Immunologic cross-reactivity 

between the various species, on sensitivity to different 

donor specific phages and on comparison of pilus length, 

I-like pili, determined by Colla and Collb for example, 

are no more than 2 ym long while F-like pili, as produced 

by ColV, are up to 20 pm long and often occur as tangled 

threads adhering to the cell surface (Hardy 1975* Lawn et 

al. 1967). The accuracy of this grouping i3 confirmed by 
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hybridization studies which show more extensive base se

quence homology between members of the same group than 

between members of different groups (Falkow et al. 197^; 

Guerry and Falkow 1971? Sharp, Cohen, and Davidson 1973). 

Influence of Chromosomal Genotype on 
Flasmid Expression 

The work of Jacob, Brenner and Cuzin (1963) first 

revealed that E. coli chromosomal genes, as well as plasmid 

genes, were essential for the replication of the F'lac 

plasmid. Their investigation focused primarily on the ef

fects of plasmid linked genes; however, the importance of 

genes on the bacterial chromosome for plasmid replication 

was firmly established by their work. More recently, 

Yamagata and TJchida (1972) have shown that chromosomal 

imitations that alter ribosomal subunit protein structure 

affect the genetic stability of F1 plasmids. 

Host Gene3 Required for Plasmid Replication 

Goebel and Schromph (1972a,b,c) have al3o supplied 

specific information on the role of E. coli chromosomal 

genes in plasmid expression. ColEl DNA and mini,circular 

plasmid DMA of E. coli 1£ were 3hown to be able to replicate 

at the nonpermis3ive temperature in a strain carrying a 

chromosomal dnaB thermosensitive mutation (blocks elongation 

of chromosomal DNA). In contrast, the hemolysin synthesi

zing plasmid Hly and the colic in plasmid ColV stopped 
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replicating immediately after such strains were shifted to 

l\2G. Similarly, ColEl and the minicircular plasmid in E. 

coli 15 continue to replicate at the nonpermissive tempera

ture in a host harboring a chromosomal dnaE thermosensitive 

imitation (defective in polymerase III) (Groebel 1972). Col

lins, Williams, and Helinski (1975) have presented evidence 

to suggest that ColEl synthesis may, however, be somewhat 

reduced at the restrictive temperature. ColV, Collb and 

the Hly plasmid3 were all unable to replicate at lfj2C in 

the dnaE host suggesting that DNA polymerase III is required 

for replication of these plasmids. Goebel (1973* 197^) has 

also shown that the chromosome specified product of the 

dnafl. gene is necessary for the initiation of ColEl plasmid 

replication, but not for the replication of either the R 

plasmid Rldrdl6 or Hly,. But once again, conflicting data 

have been presented by Collins et al. (1975) • The dnaC pro

duct (also involved in initiation of chromosomal DUA 

replication) is needed for the. .maintenance of the plasmids 

ColEl, Rldrdl6 and Hly (Collins et al. 1975, Goebel 1973). 

The C0IEI-K3O also cannot be maintained in E. coli strains 

carrying the polAl mutation which have only low levels of 

DHA polymerase I but which retain normal levels of the 

B1 - 31 eaamuclease activity associated with the polA pro

duct (Kingsbury and Helinski 1970, Konrad and Lehman 197il*> 

Lehman and Chien 1973)# 
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Replication of bacterial plasmids is sensitive to 

rifampicin and thus seems to require PJTA synthesis as does 

replication of the E, coli chromosome and several bacterio

phage genomes (Brutlag, Schekman, and Kornberg 1971; Kom-

berg 197k; Schekman, Wiener and Kornberg 197l}0 • 

Host Genes Necessary for Plasmid Expression 

£• coli genes required for efficient repair of 

lesions in EMA induced by ultraviolet light seem to also 

have a role in regulating plasmid expression. As mentioned 

above, mutations in the tif-1 gene of E_. coli affect the 

level of induction of ColE2 (Hardy 1975) • When thermo-

sensitive tif-1 mutants which harbor the ColE2 plasmid were 

incubated at the nonpermissive temperature, an increase in 

colicin titer was observed, just as though the culture had 

been TJV-irradiated. This finding is in agreement with the 

observations of Castellazzi, George, and Buttin (1972) 

who have described many ways in which the tif mutation 

mimics the effects of UV-irradiation. Some of these recA* 

dependent tif inducible events are: induction of resident 

prophage; cell filamentation, increased survival of Un

irradiated bacteriophage lambda, and increased mutagenesis 

of XTV-irradiated lambda (Castellazzi et al. 1972; Kirby, 

Jacob, and Goldthwait 1967). This latter effect is apparent 

even if tif-1 i3 present together with the sfi mutation 
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which suppresses filament formation (George, Castellazsi, 

and Buttin 1975). 

The product of the recA gene of E. ooli is required 

for the spontaneous or induced synthesis of several coli-

cins (Helinski* and Herschman 1967, Kennedy 1971). Mutants 

of recA" have increased sensitivity to a variety of agents 

•which induce lesions in UNA, including UV light and Mito

mycin C, and are deficient in genetic recombination (Clark 

1973) • A lambda prophage cannot be induced in a recA" 

host, either by UV-irradiation or, when present together 

with the tif imitation, by thermal induction, The effect 

of recA in tif"recAf double mutants is to suppress the pheno-

typic effects of the tif lesion (Kirby et al. 1967). The 

tif-1 mutation is also suppressed by the lezA allele. 

Mutants of lexA are not recombination deficient as are recA 

mutants, but show increased sensitivity to the same agents 

as recA (Mount, Low, and Edmiston 1972). Expression of 

the colicin plasmid ColEl in E. »coli i3 largely dependent 

on the presence of functional recA and lexA alleles; where

as ColEl replication seems normal in recA" strains, little 

colicin is produced (Durkacz, Kennedy, and Sherratt 197^4-J 

Helinski and Herschman, 1967). Kennedy (1971) has reported 

a 500-fold reduction in the number of spontaneously induced 

cells in recA" or lexA** cultures, suggesting that the 

defect i3 at the level of induction. 
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In general, the recA imitation seems to have its 

greatest influence on synthesis of colicins determined by-

group I Col plasmids (Hardy et al. 1973). Production of 

colicin by C0IV-K98 and C0IV-K3O is the same in recA* or 

recA" hosts but minor affects are observed with some other 

group II plasmids (Hardy et al. 1973). 

Hot all host genes which regulate colicin synthesis 

are involved in DMA repair. Synthesis of colicin by the 

plasmids ColIb-F9 and ColEl, but not CJolE2 is prevented 

by mutations in the crp or cya alleles (Durkacz et al. 

197^> Isaacson and Konisky 197^). Mae crp gene product 

is the 3f 5T cyclic AMP receptor protein and the cya gene 

codes for the synthesis of adenyl cyclase, crp and cya 

along with 31 51 cAMP are required for the expression of 

several bacterial operons (Pastan and Perlman 1970). In 

the case of the gal or lac operons, it is thought that 

the binding of cAMP activated •crp product to DNA at a site 

close to the promoter is a prerequisite to ECTA polymerase 

DMA open complex formation (Dickson et al. 1975). 

Bacteriophage T!j 

Tf> is a virulent DNA-containing bacteriophage of 

E. coli (Demerec and Fano 191^5). The outward morphology 

of the phage .resembles that of other T phages, except that 

the tail is long and flexible, resembling lambda more than 

Tlj.. An electron micrograph of the T5 phage used in this 
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study Is shown in Figure 1. The genome of T5 has a molecu-
£ 

lar weight of about 77.k x 10 , and possesses 10$ terminal 

redundancy but is not circularly permuted (Fischoff, Mao-

Neil, and Kleckner 1976; Lang, Shaw, and McCorquodale 1976; 

Rhoades and Rhoades 1972). However, despite this terminal 

redundancy, the same end of the phage DUA molecule (called 

the First Step Transfer fragment or FST-DHA) is always in

jected first into the host, suggesting that the viral DNA 

must be uniquely oriented in the phage head (Carrington 

and Lunt 1973). 

Phage Genome Structure 

The T5 genome structure is also unusual in that it 

possesses several unique genetically determined interrup

tions in one of the 3trands of the duplex (Abelson and 

Thomas 1966, Bujard 1969). These interruptions are 

nicks rather than gaps, because they can be repaired in 

vitro by Tlj. bacteriophage ligase (Jacquemin-Sablon and 

Richardson 1970). The genome contains four nicks which, 

upon denaturing treatment, result in five fragments that 

have been characterized by molecular weight, and, to 

a lesser extent, by function. The molecular weight of 

each fragment, sua measured for a heat stable deletion 

mutant of T5 called T5st0 and starting from the FST-DNA 

end is: 1.5 million, 1.5 million, 3.8 million, 17.2 mil

lion, and ll|..5 million (Bujard and Hendrickson 1973> 

Hayward 197k)- The functional FST-DNA seems to be derived 



Fig. 1. Electron Micrograph of Bacteriophage T£. 
Magnification lf>6,000x. Photo provided through the 
courtesy of M. Trousdale. 
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from the first 1.$ million molecular weight segment, com

prising about of the total genome (Labedan et al. 1973). 

Phage transcription appears to occur predominantly 

from the intact strand (37 million M.W.) and from the 17 

million M.W. fragment (Hayward and Smith 1973). 

Characteristics of Phage Growth 

The growth cycle of T5> in E, coli is somewhat dif

ferent than that of other bacterial viruses. The adsorption 

of T5> to a sensitive host follows the single hit kinetics 

characteristic of phages in general. Unlike other T phages, 

however, injection of the T5> genome occurs in two steps. 

Lanni (1968) demonstrated that when infection was carried 

in the presence of inhibitors of protein synthesis, %% 

of the phage genome was injected into the host while the 

other 92% remained in the phage particle. The nature of 

the two step transfer has since been examined and some 

general characterization of the FST-DNA has been accomplished. 

The FST-DNA directs the synthesis of Glass I (pre-early) 

proteins that are* necessary for degradation of the host DNA 

(Gene Al) and for transfer of the remaining portion of the 

genome (Gene Al and Gene A2) and contains one gene whose 

function is apparently nonessential, gene h (Benzinger and 

McCorquodale 1975J Hendrickson and McCorquodale 1971, 

Mizobuchi and McCorquodale 197^)• The degradation of host 

cell DNA by T5 is also somewhat atypical in that degrada

tion occurs with extreme rapidity and the resultant 
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degradation products are not reused for phage DNA synthesis. 

Rather, they are excreted from the infected cell (Warner, 

Drong, and Berget 1975)• Several other proteins are syn

thesized from the PST-DNA template but their role in phage 

development remains unidentified (Chinnadurai and McCorquo-

dale 197l{.a->b; McCorquodale and Lanni 1970). Synthesis of 

Class I proteins begins abo.ut one minute after infection 

and is terminated four to six minutes after infection 

(Herman and Moyer 1975) • 

When complete injection of the phage genome to a 

permissive host is allowed, two additional classes of pro

teins can be detected. Class II (early) protein synthesis 

begins at about 5 minutes after infection. These proteins 

are thought to serve an enzymatic role similar to the func

tion of early proteins in other phages. Several of these 

proteins have been identified by function and include DNA 

polymerase, deoxynucleoside monophosphate kinase, dihydro-

folate reductase, ENA ligase and thymidylate synthetase, 

as well as an HNA polymerase sigma-like protein and an 

enzyme required for introducing the unique nicks into the 

T5 genome (Barner and Cohen 1959; Berget, Warner, and 

McCorquodale 197^; Bessman, Herriot, and Orr 1965; de Ward, 

Paul, and Lehman 1965; Hendrickson and McCorquodale 1972; 

Herman and Moyer 1975; Mathews 1967; Steuart, Aaand, and 

Bessman 1968). Class III (late) proteins, synthesized at 
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about 15 minutes are essentially T5 structural components 

as well as phage lysozyme (DeMartini, Halegoua, and Inouye 

1975). 

Calcium Dependence 

Some time ago, Luria and Steiner (195^]-) discovered 

that expression of early genes in T5 was dependent on the 

presence of millimolar concentrations of calcium. For 

years it was thought that calcium was required for complete 

transfer of the phage genome. However, Moyer and Buchanan 

(1970) have shown that even though second step DNA transfer 

can occur at calcium concentrations of 0.1 mM, Class II 

protein synthesis is still absent. Herman and Moyer (1975) 

have proposed that ImM calcium may be required to convert 

the second step transfer DMA. to a transcribable form. They 

suggest as example that the DNA may become lodged in the 

cell membrane or periplasmic space and that high concentra

tions of calcium are needed to release it. 

One of the first Class II phage functions involves 

ligation (sealing) of the nicks in the t5 genome. The 

genome is renicked later in infection to allow expression 

of late genes (Chinnadurai and McCorquodale 197l).a). Seal

ing does not occur if the calcium concentration is low 

(O.lmM) (Herman and Moyer 1975)* The function of the nicks 

during Class I gene expression is far from obvious. Benz-

inger and Scheible (1971}.) have shown that repaired naked 
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T5> DUA can be used to transfer E. coli cells; the absence 

of the single strand interruptions has no apparent effect 

on the ability to produce progeny phage. 

T£> Uses Host RHA Polymerase 

Beckman, Witonsky, and McCorquodale (1972) demon

strated that bacteriophage is dependent on host cell 

ENA polymerase for transcription of its own genes. Rif-

arapicin resistant E. coli mutants were shown to support 

the growth of phage in the presence of rifampicin while 

rifampicin sensitive cells would not. Szabo, Dharmgron-

gartama, and Moyer (1975) have isolated three T5> specific 

proteins which interact with host RITA polymerase at various 

times during the infection; one is an 11,000 Dalton Class 

I polypeptide and the other two are Class II polypeptides 

with molecular weights of 90,000 Daltons and lf>, 000 Daltons, 

respectively. They suggest that in this way the control 

of transcription may be analogous to regulation of 

transcription in Tij. in which phage induced changes in host 

HNA polymerase are necessary for synthesis of different Tlj. 

RNA species and for shutoff of host transcription (Schach-

ner and Zillig 1971). 



Restriction of Bacteriophage T£ 
Development by the Colicin 

Plasmid Collb-P9 

Characteristics of Restriction 

In 1966, Strobel and Nomura reported that the 

efficiency of plating of bacteriophage BF23 on a Collb4" E. 

coli host was reduced one millionfold compared to a non-

colicinogenic permissive strain, BF23 is a coliphage that 

is related to bacteriophage T5 physically, both in capsid 

morphology and genome structure, and genetically (Mizo-

buchi and McCorquodale 197^). Thus it is not surprising 

to find that bacteriophage Tf? is also unable to grow 

efficiently on Collb* cells (Nisioka and Ozeki 1968). 

The early observations relevant to Collb mediate restric

tion of T£> and BF23) development, including those findings 

of Mizobuchi, Anderson, and McCorquodale (1971) can be 

summarized as follows: (1) there is a greater than one 

millionfold reduction in the efficiency of plating of 

BF23 on a Collb+ strain as compared to its Col" counter

part; (2) adsorption of phage to a Collb+ host is normal 

and complete two-step transfer is apparent as determined 

by the classic Hershey and Chase (19^2) technique; 

(3) the injected DNA is not degraded into acid-soluble 

material. In addition, this DNA appears to maintain its 

integrity as a large molecule as determined by zone centri-

fugation on a sucrose gradient. No increase in 
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intracellular DITA content can be detected post infection, 

suggesting a defect in phage DITA synthesis. (Ij.) Host DNA 

is degraded just as one would expect in a normal infection. 

(f>) Infected Collb+ cells start to lyse during the first 

15 minutes after infection, rather than the normal lj.0 min

utes, with no release of progeny phage. This "early 

abortive lysis11 can be prevented if the infection is done 

in the continued presence of chloramphenicol or with UV-

inactivated phage, suggesting that some phage function is 

required to express the early lysis phenomenon. Premature 

production of phage lysozyme is an obvious explanation, 

but lysozyme levels during early lysis are low and insuf

ficient to induce lysis. If the infection is carried out 

in spheroplast stabilizing media, early lysis is prevented 

but the infection remains abortive. Therefore, though 

the cell3 appear to become osmotically fragile, this effect 

would seem to be secondary to the abortive infection. 

(6) When BF23 (or T5) is inoculated on a ColIb+ host, 

about 1 in 10^ phages form plaques. If phage from these 

rare plaques are picked and grown on a Collb" host and 

progeny from this plated once again on a Collb+ strain, 

the efficiency of plating is nearly normal. This suggests 

that the phage have not undergone some sort of host modi

fication as seen with lambda phage plated on PI lysogens 

of E. coli K-12 (Arber and Dussoix 1962), or nonglucosy-

lated phage Tij. plated on E. coli B (Hattman, Revel, and 
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Luria 1966). Rather, these phages are the result of 

spontaneous imitations within the phage genome. This muta

tion has been shown to reside on the FST region of the 

genome of both T£ and FB23 and is designated "h" for host 

range. When the cells are mixedly infected with BF23 and 

BF23h, early abortive lysis occurs and the infection is 

not productive. One can conclude from this that the wild-

type restricted genome is dominant over the mutant allele 

and that the h gene makes a diffusible product, under con

trol of the first step transfer DMA, that results in re

striction. MLzobuchi and McCorquodale (197^) have proposed 

that growth of h+ phage is inhibited in ColIb+ cells because 

two phage specific pre-early proteins (lc and Id) are 

formed, whereas in h mutants, they are not. In addition, 

they report the overproduction of a protein (le) by the h" 

mutant phage. They suggest that the proteins lc and Id may 

be oligomers of le and that the h mutation prevents their 

formation. 

Work by Moyer, Fu, and Szabo (1972) has done much 

to verify and quantify earlier observations. With T5 

infected ColIb+ cells, as with BF23, adsorption, injection 

and host DNA degradation are normal. Phage DHA synthesis, 

measured by the method of %-thymidine incorporation into 

acid-precipitable material, was once again found to be 

defective. Early abortive lysis in T£ infected cells does 
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not occur until 30 minutes after infection, while phage 

specific DNA synthesis in a permissive host is detectable 

at 8 minutes, so something other than the early lysis 

would seem to be responsible for the defect in DNA synthe

sis. When phage proteins labeled at various times with 

^k3-leucine during infection of a Collb" host were sepa

rated by polyacrylamide gel electrophoresis and examined 

by autoradiography, the sequential appearance of the three 

classes of T£ directed proteins referred to above was 

4* 
readily apparent. When similarly infected Collb cells 

were analyzed in this manner, Class I proteins were evident 

but there were no additional phage proteins synthesized 

after 8 minutes. The implication was that no Class II 

or Class III proteins were produced. This was confirmed 

in the case of several Class II enzymes, for example, 

phage DNA polymerase. No phage specific DNA polymerase 

activity was found in Collb*1" infected cells. 

Using a more sensitive assay method, Herman and 

Moyer (1975) have since been able to detect at least one 

Class II function which occurs in a Tf> infected ColIb+ 

host. Sealing of the single strand interruptions, which 

is thought to be mediated by a Class II encoded DNA ligase, 

occurs in a Collb"1* nonpermissive host. Thus the trans

criptional block posed by Collb seems to be different from 

that imposed by deprivation of calcium in that the latter 

case sealing is prevented. 
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If repair of the nicked Tf> genome is prevented 

4. 
during infection of Collb cells, transcription of Glass 

II RUA can occur. Herman and Moyer (1975) first infected 

ColIb+ cells with T5> in the absence of calcium so that all 

Class I genes could be expressed while Class II functions 

were prevented. They then added chloramphenicol to pre

vent further protein synthesis and ImM calcium to allow 

the transcription program to proceed. Phage DNA ligase is 

a Glass II function and is therefore not produced under 

these conditions; the template consequently remains nicked. 

They found that under conditions that prevent the transla

tion of Class II RITA and significant repair of DITA, T£? 

specific RNA synthesis could continue despite the presence 

of the Collb plasmid. 

Plasmid Mutants which Permit Phage Growth 

The colicinogenic plasmid lb itself can be mutated 

to allow growth of wild-type Tf> (Hull 197k> McCorquodale 

1976). R. Hull, S. Tung, and E. Moody (University of Texas) 

have isolated several Collb -pha mutants which possess either 

deletion or insertion mutations in the plasmid pha gene. 

In all cases, these mutants were isolated for their Pha" 

character but were also found to be defective in colicin 

synthesis, suggesting a possible link between colicin ex

pression and Collb mediated restriction of T£ development. 
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Host Cell Involvement in the Restriction 
Process 

Evidence for host cell involvement in the restric

tion process was first presented by Nisioka and Ozeki 

(1968). They observed that the efficiency of plating 

(e.o.p.) of BF23 on ColIB+ cultures was about 10"^- percent 

when phage were mixed with cells in soft agar and plated 

directly but that the e.o.p. increased to one percent when 

phage were preadsorbed to the cells and plated as infective 

centers. In the former experiment, plaques formed con

tained host range (h) mutants of BF23 which were subsequent

ly able to plate with high efficiency on Collb"1*. Phage 

from infective centers, however, could not grow normally 

upon reinfection to ColIb+ cells. They attributed this 

escaped growth to "certain physiological conditions of the 

host bacteria." In 1972, Moyer et al. observed that cer

tain E. coli strains were more restrictive than others even 

when harboring the same Collb plasmid. They concluded that 

the degree of phage restriction wa3 in some way dependent 

on the host bacterial strain harboring the plasmid. 

Nitrosoguanidine Mutagenesis 

In I960, Mandell and. Greenberg described a 

new agent, N-methyl-ttT-nitro-N-nitrosoguanidine, capable 

of inducing auxotrophic mutations in Ej coli. Hltroso-

guanidine was shown to induce at least one mutation per 
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treated cell, even when cell survival remained above $0 

percent (Adelberg, Mandel, and Chen 1965). The number of 

auxotrophic mutations per cell increased lf.0 percent if cell 

survival was reduced to 5 percent following mutagenesis. 

Nitrosoguanidine treatment of successive samples 

from a synchronized culture of E. coli was found to produce 

a maximum of a given type of mutant allele at the time the 

given locus was being replicated (Cerda'-Olmedo, Hanawalt, 

and Guerola 1968). Guerola, Ingraham, and Cerda-Olmeto 

(1971) presented evidence to show that nitrosoguanidine 

is likely to produce closely linked ̂.multiple mutations; 

when nitrosoguanidine induced sodium azide resistant E. 

coli derivatives were examined for the presence of other 

imitations, most of the secondary mutations were found to 

be closely linked to azi (Preese and Preese 1966). 

nitrosoguanidine is converted to diazomethane at 

alkaline pH or into nitrous acid in the presence of dilute 

HC1 (MandeHand Greenberg 1960). But at the pH range used 

for nitrosoguanidine mutagenesis, neither alternate pro

duct is present, suggesting that neither of these products 

is the mutagenic agent (Preese and Preese 1966). N-alkyl-

N-nitroso compounds may act either as alkylating agents 

or as free radicals (Preese and Preese 1966). As radicals 

they can remove bases from the deoxyribose-phosphate back

bone or induce single strand breaks. As alkylating agents 



bboy ape most reactive with guanine and adenine, causing 

methylation at the H7 position (Bautz and Freese I960). 

Mispairing may then occur or the methylated base may be 

lost from the backbone producing a baseless gap. 



CHAPTER 2 

MATERIALS AND METHODS 

Media 

The complete (nutrient) media used throughout this 

study was Nutrient Broth Extract #2 purchased from Oxoid 

Ltd. (London, England). Heart Infusion Broth was purchased 

from Difco Laboratories (Detroit, Mich.). Except as other

wise noted, antibiotics, amino acids, vitamins and carbo

hydrates were purchased from Sigma Chemical Co. (St. Louis, 

Mo.). 

The complex minimal media used for selection of 

nutritional auxotrophs and for growth rate determinations 

was that described by Davis and Mingioli (1950)- It con

tains per liter: 7 S ^ s KHgPO^, 0.5? g Na citrate, 

0.1 g M^O^, and 1 g (NHg) MJM minimal media des

cribed by Lanni (1969) was used for bacteriophage T5 pro

tein labeling e^qperiments and contains per liter: 5 x 10"^ 

M maleic acid, lg HH^Cl, 0 mg phosphorus (as orthophos-

phate), 27 mg sulfur (as NagSO^), 2 g KC1, 0.1 g gelatin, 

0.5 nig FeSO^THgO and 10"^- M MgSOj^. Maleic acid wa3 ad

justed to pH 7.3 with NaDH. Pinal pH was 7.15. HJM buf

fer is identical to MGM minimal except that HH^Cl and 

glucose are deleted. These minimal salts media were 

32 
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supplemented with 0.5# carbohydrate as energy source, 0.2$ 

amino acids and 0.02$ thiamine as required. Antibiotics 

when used were at the following concentrations: strepto

mycin, 100 pg/ml; spectinomycin, 100 jig/ml; and nalidixic 

acid, lf.0 jig/ml. 

L broth contains per liter: 10 g tryptone, 5 g 

yeast extract, and 5 g NaGl. EMB maltose was made from 

Difco BMB agar base; the required carbohydrate was added 

aseptically after the media had been sterilized. 

Liquid media was solidified for plates using 

either 1.25 percent Davis New Zealand Agar (Christchurch, 

H. Z.), or 1.5 percent Difco-Bacto Agar. For experiments 

involving bacteriophage all media were supplemented 

with 1 mM CaClg. 

LC agar used for preparation of transducing ly3ates 

is described by Willetts and Achtman (1972) and contains 

per liter: 10 g Tryptone, 5 S yeast extract, 5 g NaOl, 

1 g glucose and 25 mg thymidine. Lambda broth contains 

per liter: 10 g tryptone, 5 S NaGl and was supplemented 

with L mM MgCl and 0.05 percent maltose for lambda MM 

media. Lambda broth was solidified with 0.8 percent Difco-

Bacto agar for plates. 

The soft agar used for overlay in most experiments 

consisted of simply 0.6 percent Difco-Bacto Agar. For 

experiments with bacteriophage PI 0.6 percent LC agar was 

used. 
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Bacterial Strains 

All bacterial strains used in this study are 

derivatives of E. coli K-12 and are listed in Table 1. 

Maintenance of Bacterial Strains 

For storage over extended periods, bacterial 

strains were maintained in stab cultures at room tem

perature, These were prepared by introducing a loopful 

of bacteria into a stab vial and sealing the vial with 

molten paraffin to prevent des3ication. Stab vial3 are 

10 by 3$ mm bottles containing 3 ml of sterile nutrient 

broth solidified with 0.6 percent Difco-Bacto Agar. To 

recover cultures from storage, a loopful of bacteria was 

aseptically withdrawn from the stab and spread on a nu

trient agar plate. After overnight incubation, single 

colonies were picked and tested for relevant auxotrophic 

and antibiotic resistance markers prior to use. cmr deriv

atives were also checked for phage restriction properties. 

For day to day use, all strains, except Hfr and Ff deriv

atives were stored on nutrient agar slants at room tem

perature . 

Hfr Stocks were maintained in the following manner. 

A loopful of cells from a stab culture was streaked onto 

nutrient agar for single colonies. After overnight incu

bation, fifty single colony isolates were patched in a 

uniform pattern to nutrient agar and once again incubated 
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Strain Genotype Source 

DM506 

UA35 

TTA77 

AB2828sp 

x97^ 

HfrH 

KT.1J; 

RA2 

PK191 

KL228 

PipC 

ELPifl/ 
JC1553 

5333s 

CA8306 

CAQ307 

F~ thr-1 leu-6 proA2 his-it. arsE^ 
ratl-1 xyl-5 tsx-33 str-31 n'al-K 
A " ara-Ht lacYl galK2 thi-1 
SU237 

as DI4506, also ColIbR Collb* 

as UA35, also cmrAl cmrBl 

P~ aroE353 spcA A -

D. Mount 

P~ thr leu ara minA t63 xyl 
minB dnaB malA ̂  atrH* thi mtl 

Hfr thi-1 A ' rel-1 

Hfr thi-1 rel-1 /S ~ 

Hfr mal-28 R sf a-lt ^ ~ 

Hfr thi-1 4 (proB-lac)XLll 
sup56 A -

Hfr thi-1 leu6 aup51i lacYl 
or ZU. gal-6 ^ -

Hfr raetBl rel-1 i) ~ 

P' P012 arg(j+ str3 malA+/argG6 
metBl malAl gal-6 lacYl 
str-lOij. tonA2 t'sa-l ^ R SUPFJIJI 
/)" recA 

as HfrH, also crp strA 

as HfrH, & 07a 

as HfrH, & crp 

this paper 

this paper 

Spec tinomycin 
sensitive 
erivative 
from I. G. 
Young 

R. Curtiss 
III 

K. B. Low 

K. B. Low 

K. B. Low 

K. B. Low 

K. B. Low 

K« B. Low 

K. B. Low 

W. Epstein 

J. Beclcwith 

J. Beckwith 
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Strain Genotype Source 

JCip.1 

DM935 

DM936 

DM937 

DM938 

TJA1^7 

TJAlj.82 

UAij.83 

TJAlj.89 

TJAlj.90 

UA535 

DM81j.7 

KL16 

TTA^O 

TJA56 

F~ metB leu-6 hia-1 argG lacYl 
or ZLL malAl xyl-7 mtl-2 gal-6 
A 

as DM937? also tsl (leoc)-x 

as DM937* also tsl (lex) recAl 

P" thr-1 leu-6 proA2 arpJB mtl-1 
xrl-5 tsz-33 str-31 /) ~ ara-lli 
lacYl galK2 thi-1 sup37 

as DM937# also recAl 

as TCTrl j also cmrAl cmrBl 
str-31 

as TJA35, also xrl 

as UA35s also xyl+ cmrAl cmrBl 

as DM£06, xyl+ 

as DMJ?063 xyl+ cmrAl cmrBl 

KEPl4l/tTA^90 malA ColIb+ 

P~ thr-1 leu-6 thi-1 sunBhli 
lacYl tortAZL tif-1 

thi-1 rel-1 A " P0l|.5 

as DM8i{.7, also NalR tif+ 

as DM8i|.7, also HalR Collb* 

D. Mount 

D. Mount 

D. Mount 

D. Mount 

D. Mount 

str-31 cmr 
trans duct ant 
of KL14, UA77 
donor 

by conjugation 
UA3£ X UAij.57 

by conjugation 
UA35 X UAl^7 

by conjugation 
Dl#06 X TJAij57 

by conjugation 
DM£>06 X UAi|£7 

this paper 

D, Mount 

K. B. Low 

by conjugation 
DM8k7 NalR x 
KLlo 

this paper 
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Table 1. — Continued 

Strain Genotype Source 

ITA57 as UAfjO, also ColIb+ this paper 

PC-3 Hfr, metBl thY rel-1 str1* thi 
dna£r P02A D, Mount 

TJAl̂  as PC-3, also ColIb+ this paper 

TJAlj.86 as PC-3, also dnaG-4" spontaneous 
thermoresis-
tant revert-
ant of PC-3 

as UAi}.86, also ColIb+ this paper 

UA23 HfrH ColEl* D. Helinaki 

•Kit has not been possible to demonstrate by genetic methods 
the presence or absence of the lea: allele in any of these 
tsl derivatives (Mount, Walker, and Kosel 1973). This Ms 
indicated by; the parentheses around the imitation. 

The relative map positions of genetic markers used in this 
3tudy are depicted in Figure 2. 
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ku. 

Pig. 2. Standard Orientation of the Genetic Map of 
E. coli K-12 Showing Positions of Relevant Markers, and 
the Origin and Direction of Transfer of Hfr Strains Used 
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overnight at 37 C. A master plate so produced was repli

cated to nutrient agar and the replica was incubated 2 to 

ij. hours at 37 0 or until growth of the patches was barely 

visible. These patches were then replica plated onto 

selective media to verify relevant auxotrophic and anti

biotic markers and onto selective media seeded with 10^ 

cells of an appropriate recipient bacterial strain to test 

donor ability. Recipient strains were chosen which could 

be scored for inheritance of an early marker from the Hfr. 

Recombinants were selected for inheritance of a nutri

tional marker and Hfr donors were oounterselected with 

streptomycin. After lj.8 hours incubation of the mating 

plates, those donor patches which produced the most re

combinants could be easily identified. The corresponding 

patch from the master plate was then scraped from the agar 

plate, inoculated into 25 ml nutrient broth and grown with 

aeration to a density of 5 x 10® cells/ml. Cells were then 

collected by centrifugation at low speed, resuspended in 

2.5 ml 20 percent glycerol/0.85 percent saline and stored 

at -20 C for later use. 

Preparation of Overnight 
Bacterial Cultures 

Overnight nutrient broth cultures were prepared 

by aseptic ally inoculating a culture tube containing 5 ml 

nutrient broth with about 10^ bacteria from a slant culture. 



These tubes were then incubated for a minimum of 10 hours 

and a maximum of 2l\. hours with light aeration at a tempera

ture appropriate for growth of the particular strain. 

Overnigiht cultures prepared in minimal media were grown in 

125 ml flasks instead of tubes for better aeration. 

Preparation of Exponentially Growing 
Bacterial Cultures 

Overnight bacterial cultures pregrown in the media 

to be used in the particular experiment were diluted at 

least twentyfold into 125 ml side-arm flasks containing the 

same media. To ensure proper aeration, a maximum volume of 

25 mis per flask was allowed; additional flasks or larger 

ones were used when larger cultures were required. Cultures 

were incubated at the proper temperature in a New Brunswick 

water bath with a rotating platform operated at a setting 

of 3 for light aeration and 7 for heavy aeration. Increase 

in cell mass was followed with a Spectronic 20 colorimeter 

(Bausch and Lomb, Inc., Rochester, N. T.) at A^0nm. 

Incubation of Bacterial Plate Cultures 
at Elevated Temperatures 

For overnigiht incubation of plate cultures, plates 

were stored inverted in Tbelco fan-assisted constant 

temperature incubators. When cultures were to be incubated 

at 1|2 C to test thermosenaitive loci, agar plates were pre-

warmed to that temperature prior to use. 
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Bacteriophage 

Bacteriophages T$, lambda and Plvir were obtained 

from the collection of D. w. Mount. Transducing lysates 

of PI were prepared using the confluent lysis technique 

described by Willetts and Achtmsn (1972). One ml of an 

exponentially growing broth culture of the donor bacteria 

(at 2 z 10^ cells/ml) and 1 x 10^ plaque forming units of 

bacteriophage PI were added to 3 ml fresh LC soft agar 

and poured onto fresh LC agar plates. After overnight incu 

bation at 37 C, the overlay was scraped into a centrifuge 

tube, mixed with 1 ml 0.85 percent saline and 0.2 ml chloro 

form and allowed to rest at room temperature for 10 minutes 

The tube was then centrifuged at 10,000xg and the super

natant fluid containing phage was collected and stored at 

Ij. C over chloroform. Only transducing lysates with a titer 

greater than 1 x 10^ pfu/ml were used for transductions. 

High titer lysates of coliphage were also pre

pared using the confluent lysis technique. But for T5 

lysates, DM£O6 was always used as the host strain, and 

lysates were prepared on nutrient agar plates. The titer 

of phage lysates prepared in this manner were always in 

excess of 1 x 10^* pfu/ml. 

High titer lysates of bacteriophage lambda were 

prepared as follows. An exponentially growing culture of 

DM506 in lambda-MM broth with a cell density of 5 x 10?/ml 

was infected with phage at a multiplicity of infection of 
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0.01 and then incubated at 37 C for 2 to 3 hours with heavy 

aeration. The cultures were then sterilized with chloroform 

and centrifuged at 10,000 xg to remove cell debris. The 

supernatant fluid containing phage was collected and stored 

at Ij. C over chloroform. The titer of phage stocks prepared 

in this manner was between 2 x 10 9 and 2 x 103-0 pfu/ml. 

For all phage experiments, an aliquot of the phage 

lysate was removed from the stock and pre-incubated at 37 

C to remove chloroform prior to use. 

Mutagenesis 

Cells from a 5 nil aliquot of an exponentially 

growing nutrient broth culture were collected by low speed 

centrifugation, washed once in 0.1 M sodium citrate (pH 

5.0) and re suspended in 0.1 M sodium citrate (pH 5»0) with 

100 lig/ml N-methyl-IP -nitro-H-nitrosoguanidine [HTG] 

(Aldrich Co.) (Adelberg, Mandel, and Chen 1965). After 15 

minutes incubation at 37 0# the cells were washed twice 

with saline and streaked onto nutrient agar plates for single 

colonies. Survival after mutagenesis was about 50 percent. 

Determination of Phage Efficiency 
of Plating 

Overnight cultures of the appropriate host strains 

were subcultured into fresh nutrient broth and grown to 

exponential phase. Two-tenth ml samples of bacteria were 

inoculated into 3 ml soft agar, along with varying dilutions 
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of the test phage, and poured onto agar plates. Nutrient 

plates were used in experiments with phage T5 and lambda 

agar plates were used in experiments with bacteriophage 

lambda. After overnight incubation under the conditions 

indicated for each experiment, the relative phage titer was 

determined for each host by counting plaques with a Hew 

Brunswick Colony Counter and from this, the percent effi

ciency of plating was calculated. 

For determination of plating efficiency under 

anaerobic conditions, the inoculated plates were incubated 

overnight in a candle jar. 

One-Step growth Kinetics of Phage 

An overnight nutrient broth culture of the host 

strain to be tested was subcultured into fresh nutrient 

broth and grown to exponential phase at 37 C (or 30 C) 

with aeration, A ten ml sample of this culture was then 

centrifuged for £ minutes of 5*000 xg; the supernatant was 

discarded and the pellet resuspended in nutrient broth at 

a titer of 10^ cells/ml. One ml of this culture was pre-

incubated In a glass culture tube for 2 minutes with 1 toM 

potassium cyanide to r ever sib ly inhibit cell metabolism, 

and then infected with 0.1 ml of a phage lysate diluted to 

10^ pfu/ml in nutrient broth. These infected cell3 were 

incubated in a 37 C water bath without aeration for 1$ 

minutes to allow adsorption of phage; a 0.1 ml aliquot was 
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then diluted 10^-fold into pre-warmed nutrient broth and 

incubated at the temperature indicated in a New Brunswick 

water bath with heavy aeration. At this time and at 10~ 

minute intervals thereafter, 0.1 ml samples were withdrawn 

and diluted into ice-cold lambda broth. To measure in

fective centers, 0.1 ml of the diluted infected cells 

(or a further dilution thereof) was mixed with 0.2 ml of 

an overnight nutrient broth culture of DM&06 in 3 ml soft 

agar and poured onto fresh nutrient agar plates. Infective 

centers were visible as plaques after 12 hours incubation. 

Bacterial Matings Using Hfr Donors 

The procedures are essentially those described by 

Moody and Hayes (1972). An overni^it nutrient broth cul

ture of the Hfr parent (started from 0.1 ml of the frozen 

stock) was subcultured in nutrient broth and grown with 

aeration to 2 x 10® cells/ml, A saturated overnight cul

ture of the F~ recipient, pre grown in a flask to about 

2 x 10? cells/ml, was diluted 1 in 10 into fresh warm 

nutrient broth immediately before commencement of mating; 

0.1 ml samples of .both donor and recipient were -taken prior 

to mating and diluted to assay the titer of viable cells. 

The cross was made by mixing 0.5 ml of the donor culture 

with ij.,5 ml of the overnight culture of the recipient 

which had been diluted tenfold into a 125 ̂  Erlenmeyer 

flask, followed by very gentle aeration at 37 C for 60 
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minutes. Samples (0.1 ml) were then diluted and spread 

on appropriate solid media to select for recombinants. 

One-tenth ml aliquots of the unmated donor and recipient 

cultures were also plated separately on the same selective 

media to determine background growth. In order to prevent 

inadvertent selection for faster growing recombinants, 

all plates were incubated a minimum of ij.8 hours prior to 

picking recombinants and an attempt was made to pick all 

the recombinants on a given plate rather than selecting a 

few at random. 

PI Transduction 

An overnight nutrient broth culture of the recipient 

bacteria was diluted 50-fold into 20 ml of L broth in a 
g 

125 ml Erlenmeyer flask and grown to a titer of 2 x 10 

cells/ml at 30 C or 37 C with aeration. This culture was 

then cooled in ice for 5 minutes and then 10 ml aliquots 

were centrifuged in two screw-cap tubes for 5 minutes at 

5,000 xg. The supernatant fluid was discarded and each 

pellet was re suspended in 1 ml I, broth and cooled in ice. 

For the transduction, 0.5 ml of these cells was mixed with 

0.5 nil transducing phage (diluted to.5 x 10^ pfu/ml in L 

broth) and 0.5 ml transduction buffer (0.03 M M£S0^; 0.015 

M CaClg) in a glass screw-cap tube and incubated in a 37 0 

water bath without aeration for 20 minutes. At the same 

time, a sham transduction was done using the same procedure 



and buffers except that 0.5 ml L broth was added instead 

of phage. A 0,1 ml sample of the diluted phage lysate was 

always spread on a nutrient agar plate to verify sterility. 

After 20 minutes incubation of the infected tube and the 

sham tube, each was cooled in ice for 2 to 3 minutes and 

then centrifuged at 5*000 xg for 5 minutes. The super

natant 3 were discarded and the pellets resuspended in 5 

mis 0.85 percent aline. .These were again centrifuged; 

the supernatant fluid was discarded and the pellets re-

suspended in 0.2 ml 0.85 percent saline. All the cells 

from the infected tube were removed and 0.05 ml aliquots 

were spread on each of four selective plates. Control 

cells were similarly plated. The plates were then incu

bated a minimum of ij.8 hours prior to picking recombinants. 

The control plates in all transductions had fewer than 

2 percent as many colonies as the transduction plate. 

When selection was made for resistance to strepto

mycin, a delayed selection procedure was used to allow for 

the expression of the phenotypically recessive str^ allele 

(Epstein and Kim 1971)* Transductants were spread on 

complex media without streptomycin and allowed to grow for 

ij. hour3 at 31 0, Three-tenths ml of one percent solution 

of streptomycin was then added to the plate by lifting an 

edge of the agar from the petri dish and adding the anti

biotic underneath. Plates were kept overnight at lj. C to 

allow the streptomycin to permeate the agar and then incu

bated at 37 C for growth of recombinants. 
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For selection of malA recombinants, transductions 

were performed as above except that the transductants were 

resuspended in complex glucose media and allowed to grow 

overnight to stationary phase. These cells were subcultured 

into fresh glucose minimal media containing 0,05 percent 

maltose, grown to exponential phase and then infected with 

bacteriophage lambda at a multiplicity of ten. Incubation 

at 37 0 with vigorous aeration wa3 continued for three 

hours and then surviving cells were spread on EMB maltose 

indicator media, mal transductants were thus identified, 

purified by streaking twice on selective media and then 

verified as malA by mating with KLFlp.. Only mutants at 

the malA region can be complemented by this FT plasmid. 

Preparation of Verification of 
Merodiploid Derivative^ 

Fresh single colonies of the Ff donor strain 

KLPi|JL/IGl5^3 pregrown on minimal maltose plates were patched 

in a uniform pattern to a nutrient agar plate and allowed 

to grow for three hours at 37 C. These were then replica 

plated to minimal agar plate3 selective for TTAl|.90 but 

which contained maltose as the sole carbon source and lacked 

methionine and which were spread with 10^ cells from an 

overnight culture of UAlj.90 malA ColIb+. Only those TJAlj.90 

malA ColIb+ derivatives which received the Ff malA+ by 

conjugation were able to grow under these conditions. 
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After lj.8 hours incubation at 37 C, exconjugates from the 

patches were purified by two single colony isolation cycles 

on the same media. Fifty such isolates were patched in a 

uniform pattern to a minimal maltose agar plate and incu

bated overnight to produce a master plate. A replica was 

made of this on nutrient agar and after three hours incu

bation at 37 C this was used to test the donor ability of 

each isolate in plate matings with different recipients. 

The markers checked (and the recipient strains used) are: 

malA (974)> crp (5333s), strA (JCl|J.l), aroE (AB2828sp) 

and argG (JClj.ll). Of several isolates identified which 

would transfer all the tested markers at high efficiency, 

one was designated KLFljJL/tFA535. The entire patch corre

sponding to this strain on the master plate was suspended 
Q 

in 25 ml nutrient broth and grown to a density of 5 x 10 

cells/ml. Cells were then collected by centrifugation at 

5,000 x g, resuspended in 20 percent glycerol/0.85 percent 

saline and stored at -20 C. At the time of construction 

of these strains, as well as each time they were used for 

experiments, the efficiency of plating for the partial 

diploids on nutrient agar containing streptomycin was 

tested. The genetic structure of the merodiploids is F' 

strA+/strA, which is pehnotypically sensitive to strepto

mycin inhibition. Therefore, only those derivatives which 

have become homozygous for the strA region or have lost all 

or part of the episome can grow on plates containing 
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streptomycin. The efficiency of plating of KU?l\l/UA$3!? 

was always found to be in the neighborhood of one percent 

indicating that 99 percent of the cells are of the desired 

genetic structure. 

Kinetics of Synthesis of Protein 
and RUA in Uninfected Cells 

Incorporation of radiolabeled precursors into cold 

trichloroacetic acid [TCA] insoluble material was used as 

a measure for synthesis of protein and RITA. Overnight 

cultures grown in complex media containing 1 fiCit^H] 

leucine ml and 0.1 pCiC1^?] uracil ml were diluted 20-fold 

into the same media and grown to early exponential phase 

(1 x 10®/ml) viable cells with vigorous aeration at 37 C. 

At that time and at one hour intervals thereafter, 5 ml 

samples were withdrawn and added to an equal volume cold 

10 percent TOA, This was allowed to rest in ice for at 

least 30 minutes. The insoluble matter was then collected 

by passing the entire volume through a Z.I4. cm round filter 

disc (Reeve Angel, Clifton, N. J.). Each filter x-ras then 

washed by passing two 5 nil volumes of cold 10 percent TCA 

followed by two 5 ml volumes 95 percent ethanol through 

each disc. The filters were individually placed in glass 

scintillation vials and dried by'incubation of the vials 

at 50 C for three hours. The dried and cooled filters 

were suspended in 5 mis of fluor consisting of: 
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2,f>-Diphenyloxazole (PPO, Scintillation Grade, 
Amersham/Searle, Des Plaines, 111,) 2 g 

l,ij.-bis (2-(£-phenyl oxazole)) benzene (POFOP, 
Scintillation Grade, Amersham/Searle, 
Des Plaines, 111.) 0,5 g 

toluene 1 liter 

Vials were counted in a Mark III liquid scintillation 

system (Amersham/Searle, Des Plaines, 111.). 

Kinetics of Protein Synthesis in 
T5 Infected Cells 

An overnight culture was diluted and grown in MJM 

at 37 C with heavy aeration to 3 x 10®/ml, harvested, and 

resuspended at a final concentration of 1 x lO^/ml in 

ice cold M3-M buffer that contained ImM CaClg. The cells 

were infected at 0.0by the addition of phage at a multi

plicity of 10 in an equal volume of JEM buffer containing 

Ca0l2. The infected cells were incubated for 15 minutes 

at 00 and then for 5 minutes at 37 0. The infection 

process was initiated by diluting the infected cells to a 

final concentration of $ x 10®/ml. with MGH medium contain-

tog X mM CaCl2 and 1 jiCit^H] leucine ml, and which had 

been prewarmed to 37 0. The final concentration of both 

glucose and UH^Cl in the medium was 0.5 percent. At the 

times indicated, 5 ml samples ware withdrawn and added to 

an equal volume of cold 10 percent TCA. This was allowed 

to rest in ice for at least 30 minutes. The insoluble 

material was then collected on filter pads, washed, and 

assayed for radioactivity as described above. 
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Protein Pulse-Labeling and SDS-
Polyacrylamide-gel 
Electrophoresis 

The procedures used were those described by Herman 

and Moyer (1975) • Cells were grown in MJM at 37 C with 
Q 

heavy aeration to 3 x 10 cells/ml, harvested and resus-

pended at a final concentration of 1 x 10"1"0 cells/ml in 

chilled M3-M buffer that contained 1 mM CaClg. The cells 

were infected at 0° C by the addition of phage at a multi

plicity of 10 in an equal volume of MJM buffer containing 

1 raM 0aClg. The infected cells were incubated for 15 

minutes at 0° C and then for 5 minutes at 37 0, The infec

tious process was initiated by diluting the infected cells 

to a final concentration of 5 x 10® cells/ml with M&M 

buffer medium containing 1 mM CaCl^ which had been pre-

•Htarmed to 37 0* The final concentration of both glucose 

and UHj^Cl in the medium was 0,5 percent. At various times, 

5 ml aliquot3 of infected cells were removed and added to 

5 JiCi of C^k?]-labeled leucine (specific activity 3I4..8 

mCi/mM; Hew England Hue 1 ear) or 2£ jiCi of a mixture of 

t%] amino acids (average specificity 13.9 Ci/mM; Hew 

England Huclear). Incorporation was allowed to proceed for 

2 minutes at 37 C without aeration. Labeling was terminated 

by pouring the cells onto 5 g of ice and sufficient chlor

amphenicol to yield a final concentration of 100 jig/ml. 

The cells were pelleted by centrifugation at 5>000 x g for 
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5 minutes at 0° C. Each pellet was resuspended in 0.25 ml 

of 0.05 H Tris-chloride, pH 6.8, that contained one percent 

SDS (w/v), one percent mercaptoethanol), 10 percent glycerol, 

and 0.005 percent bromophenol blue. The 0,25 ml samples 

were solubilized by heating to 100 for 2 minutes and 10 ]il 

aliquots were analyzed by electrophoresis on 10-cm 15 per

cent polyacrylamide-SDS tube gels at 35 volts for 18 hours. 

Electrophoresis buffers and stacking and running gels were 

prepared as described by Studier (1973). The gels have an 

acrylamide: bis ratio of 30:0.8. Polymerization was ini

tiated by adding 0.lL{. percent ammonium persulfate and 0.23 

percent U, U, N1, IT* tetraethylmethylenediamine [TEMED]. 

The resolving gel contains 0.19 M Tris-HCl (pH 8.8), 0.1 

percent SDS, 0.002 M EDTA and 15 percent acrylamide. The 

stacking gel. contains 0.063 Tris-HCl (pH 6.8), 0.1 percent 

SDS, 0.002 M EDTA and 5 percent acrylamide. The electric 

buffer contains 0.05 M Tris (pH 8.3), 0.38 M glycine, 0.1 

percent SDS and 0.002 M EDTA. 

After electrophoresis the gels were removed by 

shattering the tubes and were immediately frozen and cut 

into 1 to 2 mm slices. Each slice was put into a scintil

lation vial and solubilized. One-half ml of a 90 percent 

solution of MCS Tissue Solubilizer (Hew England Nuclear) 

was added to each vial and the vials were capped and heated 

at 50 C for 2 hours. At the end of that time, the vials 
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were cooled and 5 mis of scintillation cocktail was added. 

Radioactivity was deteimined using an Ameraham/Searle Marie 

II liquid scintillation system. 

Preparation of Colic in -Extracts 

Crude colicin preparations were made from each 

strain using a modification of the method described by 

Hardy and Meyaell (1972c). Overnight cultures were grown 

to a titer of about 6 x 10®/ral in heart infusion broth, 

washed once in 0.8;? percent saline, and resuspended in 

1/100 volume of aaline. The cells were then disrupted in 

the cold with ultrasonic waves, and the lysate was centri-

fuged for 60 minutes at 23>000 x g to clear the suspension 

of cell debris. The supernatant was then sterilized by 

membrane filtration (Millipore Corp.) and stored at -20 C 

for later use. The protein content of each extract was 

determined using the biuret method (Robinson and Hodgen 

19i|.0). 

Colorimetric Determination of Protein 
Concentration in Crude 

Colicin Extracts 

One-tenth millimeter samples of extract were mixed 

with 5 mis Biuret reagent and allowed to stand 15 minutes. 

During this time, the Biuret reagent reacts with the pep

tide bond3 and turns from blue to purple. The extent of 

this color shift is proportional to the amount of protein 

present and can be measured by the change in absorbance of 



Bk 

light at 3 mp. The change in absorbance is compared to 

the change for a known protein concentration to determine 

esqperimental protein levels. 

Test for Colicinogeny 

Colicinogeny was verified in one of two fashions. 

Colonies of the strain to be tested were inoculated with 

a straight wire into two nutrient agar plates and incubated 

overnight. One plate was then sterilized with chloroform 

vapor to preclude growth of the immune strain in the indi

cator overlay and then overlayed with 0*2 mis of a Collb 

sensitive indicator strain (DM£06) in 3 mis of soft agar. 

After lj. to 8 hours further incubation, the indicator 

strain appears grown to a confluent lawn except in the area 

around a Collb* stab, where there is a marked zone of in

hibition. The Collb+ strain can then be isolated from the 

stab on the unchloroformed plate (Monk and Clowes 1961}.b). 

Another test for colicinogeny is the "sandwich" 

technique (Fredericq 1957). The strain to be tested is 

grown in broth culture and a dilution inoculated in soft 

agar on nutrient plates to give 100-1000 colonies. After 

this overlay has set, the plate is overlayed once again 

with 3 ml sterile soft agar to prevent colonies from grow

ing on the surface, contaminating the sensitive indicator 

strain with immune cells. After overnight incubation, the 

plate is overlayed with soft agar seeded with 0.2 mis of 
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a colicin-aensitive indicator strain and further incubated: 

6 to 8 hours. The indicator will grow to confluence 

except around ColIb+ colonies. The latter can then be 

picked out of the zone of inhibition and purified. 

Collcin Resistant Strains 

Colib resistant derivatives were derived from 

Collb sensitive strains by using these strains as indicator 

in soft agar inoculated over a Collb+ stab. After 2lf. hours 

incubation, single colonies can be identified within the 

zone of inhibition. These are Collb resistant and were 

picked and further purified on selective media. 

Preparation of Colicinogenic Strains 

Collb*1" strains were prepared by inoculating 20 

mis of nutrient broth with 0,5 mis of an overnight culture 

of a Collb+ donor and 0.25 mis of the recipient culture. 

After incubation overnight vrf.thout aeration, one ml of 

this mixture was subcultured into 19 mis of fresh nutrient 

broth and incubated with aeration for 90 minutes. Recipi

ent colonies were then reisolated using antibiotic selec

tion or auxotrophic markers and tested for colicinogeny 

(Monk and Clowes 1961}.a). 
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Spot Teat Assay of Colicin Activity 

Pour drops of an overnight culture of colicin 

sensitive bacteria (DMJ>06) were added to 3 ml of soft agar 

and poured onto a nutrient agar plate. Serial twofold dilu

tions of the crude colicin extracts were made in 0.85 per

cent saline and 0.05 ml aliquots were spotted on the 

solidified agar using a fresh Pasteur pipette for each di

lution. The plates were then incubated overnight at 37 C 

and scored for the extent of growth of indicator bacteria 

within each spot. 

Disc Sensitivity 

The procedures used for disc diffusion tests are 

essentially those recommended by the National Committee for 

Clinical Laboratory Standards (1975) • Cells from an over

night broth culture were subcultured and grown to expo

nential phase in nutrient broth. A 0.2 ml aliquot of this 

culture was inoculated into 2 ml soft agar and poured uni

formly over a Mueller-Hinton agar plate. The appropriate 

drug impregnated discs were placed on the plate such that 

none were closer than 15 mm from the edge of the plate and 

no two discs were closer than 2lj. mm from center to center. 

After 16 hours incubation at 37 C, plates were scored by 

measuring the diameters of the zones of complete inhibition, 

including the diameter of the disc, to the nearest whole 

millimeter using a sliding o-alipers. Sensitivity discs 



were obtained from BBl (Division of BioQuest, Cockeys-

ville, Md.), and contained the following concentrations 

of antibiotics: sonilyn (SL) 0,25 mg; colymycin (0) 2 

}ig; chloraiaphonicol (CM), 30 ]ig; ampicillin (AM), 2 jig; 

kanamycin (KM), 2 jig; gentamicin (GM), 10 fig. 



CHAPTER 3 

RESULTS 

Objective #1 

Aa described above, cells which harbor the Collb 

plasmid are not suitable as hosts for bacteriophage Tf? 

growth. Both plasmid and phage mutants have been de

scribed which are able to overcome the phage arrest mech

anism thus permitting phage growth in Collb+ cells. The 

objective of the following work was to isolate and 

genetically characterize host mutations which would 

permit growth of Tf> in Collb+ cells. 

Isolation of Permissive Collb+ Mutants 

TJA35 was prepared by introducing a Collb plasmid 

into a spontaneous colicin lb resistant mutant of DM£06. 

An exponentially growing nutrient broth culture of TJA35 

was mutagenized with NTG and streaked on nutrient agar 

for single colonies. After overnight incubation at 37 G, 

single colonies were picked and tested for their ability 

to support growth of phage T5. This was done by cross-

streaking T5 with each isolate on a nutrient agar plate. 

Isolates with wild-type restriction characteristics grow 

equally well before and past the phage streak but growth 

of Collb" or permissive Collb+ mutants is inhibited by the 
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phage. Of 500 colonies tested, one, TJA77* was identified 

as permissive and further purified. The plasmid from TJA77 

was transferred via an intermediate strain to an unmutagon

ized DM£o6 host. The plaque-forming ability of T5 on this 

strain, UA389, along with UA77 and appropriate parent 

derivatives is shown in Table 2. The derivation of other 

bacterial strains presented in Table 2 is described below. 

These results show that the mutant defective in £olIb medi

ated restriction of T£ (Cmr~) is nearly as permissive as the 

Collb" parent and that the permissive character is not 

transferred when the plasmid from TJA77 moved to an un-

mutagenized DM£O6 host. ColIb+ strains which allow T£ 

to plate with an efficiency similar to UA77 are defined as 

Cmr". 

In order to further demonstrate that the Cmr" 

phenotype is due entirely to host functions rather than 

being the result of cooperative alterations to host and 

plasmid genes, it would be desirable to introduce an 

unmutagenized Collb plasmid into a UA77 derivative, previ

ously cured of Oollb. Attempts at this were frustrated by 

an inability to cure UA77 due to the extreme stability of 

the resident plasmid. Instead, the Cmr™ phentotype was 

"f" 
transferred to unmutagenized Collb strains, UA35 and 

DMfj06, in the following manner. It was apparent from Hfr 

mapping data 3hown below that the genetic locus (loci) 
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Table 2. Efficiency of Plating of Bacteriophage T5 on 
Cmr" E. coli Derivatives 

Relative Plaque 
Strain Phenotype Number 

TM$06 Cmr+ 1 

UA35 (Collb) Cmr*1" 9 x 10"7 

UA77 Cmr" 8 x 10"1 

UA389 (Collb) Cmr+ £ x 10~6 

TJAlj.82 (Collb) Cuir+ 3 x 10"6 

UA483 (Collb) Cmr" 8 x 10"-1-

UAij.89 Cmr+ 1 

TJAij.90 Cmr" 1 

UAlj.89 (Collb) Cmr+ 1 x 10"6 

TJAlf.90 (Collb) . Cmr" 7 x 10"1 

Relative plating efficiency was meaaured on nutrient 
agar at 37 C. 
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responsible for Cmr" was linked to the strA gene, which 

specifies synthesis of the 30s ribosomal subunit protein 

and determines resistance or sensitivity to streptomycin. 

Therefore, the streptomycin sensitive Hfr strain KLlij. was 

transduced to strA (streptomycin resistance) using PI 

phage grown on TJA77* A Oollb plasmid was then introduced 

into each of these recombinants and the colicinogenic 

derivatives were then scored for Cmr. One of these, 

KLlij. strA Cmr" (Collb"), recombinants was then used as a 

donor strain in matings with UA3£ and DMJ>06. xyl+ nalA 

recombinants were selected and scored for inheritance of 

the Cmr" phenotype. In this manner, TTAlj.82 and TJAif.83 were 

constructed from TJA3f> and UAJ4.89 and TJAlj.90 from DM£06. 

The. relative plaque-forming ability of T5> on these two 

isogenic sets is also shown in Table 2. These results 

show that the permissive phenotype is preserved in the 

presence of an unmutagenized plasmid, confirming that the 

Cmr defect is completely chromosomal in nature. 

Except as otherwise noted, all of the experiments 

below relating to Cmr were done using one or the other of 

these isogenic sets. It should al3o be noted that the 

fully Cmr" phenotype expressed by these strains is the 

result of two mutant alleles, cmr.A and cmrB (see Genetical 

Analysis below). 
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Growth of Phage 

A one-step growth experiment was performed to look 

for a quantitative difference, if any, between Tf? develop

ment in phage infected Crar" or Cmr+ host strains. Measure

ment of the relative efficiency of plating, while useful 

as a general assay for the extent of phage infection, can

not supply information about the success of phage growth 

at the cellular level, i.e., the time required for a 

complete infective cycle (latent period) or the number of 

progeny phage produced per cell (burst size). Figure 3 

depicts the results of one-step growth experiments of 

on Cmr+ ColIb+ or Cmr" ColIh+ and Cmr+ or Cmr" Collb" 

cells. Exponentially growing cultures were infected with 

T5 and incubated at 37 C with heavy aeration. At the 

times indicated, samples were withdrawn and assayed for 

infective centers. At zero minutes, the number of infective 

centers obtained on the Cmr+ Collb* derivative, UAl+82, is 

about one percent of that observed for UAlj.89 (Cmr+ Collb"), 

a value similar to that previously reported. In contrast, 

the transmission coefficient of the Cmr" Collb* culture, 

TJAI4.83, is similar to the Collb" control. The average burst 

size per infective center was 200 for UAlj.93. This is simi

lar to the value for UAlj.89 and is increased somewhat over 

the burst size of 167 for the Cmr+ Collb+ control. The 

growth characteristics of TfJ on UAJ^.90 (Cmr" Collb") are 
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Pig. 3- One Step Growth Kinetics of Bacteriophage T5 
on Various E. coli Derivatives. — Experimental details 
are described in Materials and Methods. A UAlj.82, cmr* 
ColIb+; A TTiUj.83, cmr- ColIb+; • UAlf.89, cmr+ Collb"; 0 
TJAlj.90, cmr™ Collb-. 
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also shown to ha similar to TTAI4.89 suggesting that the cmr 

defect has no overt additional effect on phage production 

in the absence of Collb, Finally, the latent period on 

all host strains was similar, between 35 and lj.0 minutes. 

Affect3 of Previously Characterized strA 
Linked Mutations on T5 Development 

Because of the proximity of the cmr defect to the 

strA locus, which was apparent from preliminary Hfr mapping 

data, several strA linked genes that had already been 

implicated as affecting development of other bacteriophages 

became suspect as also being responsible for the Cmr" 

phenotype. These included: the crp locus, which codes for 

the cyclic 3adenosine monophosphate receptor protein; 

the dnajj locus, a gene necessary for elongation of repli

cating DUA; and the inf locus, which affects the develop

ment of bacteriophage lambda by preventing induction and 

efficient lysogenization (Bailone, Blanco, and DeVoret 

1975). 

inf 

To determine if cmr might be an allele of the inf 

gene, the relative efficiency of plating of bacteriophage 

lambda on the permissive mutant TJA77 and on appropriate 

parent derivatives was determined. The results shown in 

Table 3 suggest that Cmr" has little or no effect on plating 

efficiency of phage lambda. The morphology of phage plaques 
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formed on each host was also observed; turbid plaques were 

formed on each strain indicating that lysogeny of lambda 

was normal. Thus Cmr" is at least phentotypically dis

similar to inf. In addition, the map position reported 

by Bailone et al. (1975) for inf shows that this gene i3 

tightly linked to malA while the cmr loci are not. 

Table 3. Efficiency of Plating of Bacteriophage Lambda 
on Cmr" E. coli Derivatives 

Strain Plasmid Phenotype 
Relative 
Plaque Number 

Dl£06 None Cmr+ 1 

UA35 Collb Cmr™ .85 

ITA77 Collb Cmr" .78 

Relative plating efficiency was measured on lambda agar 
at 37C» EOP was measured relative to DM506. 

cr£ 

The growth of bacteriophage lambda has been shown 

to be sensitive to catabolite repression. Specifically, 

the genes for establishing lysogeny are catabolite sensi

tive and the phage is unable to efficiently lysogenize a 

crp host or a crp+ host in the presence of high glucose 

concentrations (Grodzicker, Arditti, and Eisen 1972).  
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Isaacson and Konisky (19have shown that Colicin lb 

synthesis is also catabolite sensitive and that colicin 

production is greatly reduced in an adenyl cyclase mutant. 

Therefore, it was not unlikely that mutations in catabolite 

repression might alter restriction of phage growth by 

Collb. The effect of the crp gene on Collb mediated re

striction was tested by measuring the efficiency of plating 

of T5 on colicinogenic crp* and crp E. coli derivatives. 

A mutant defective in adenyl cyclase (cya) was also tested. 

5333s was obtained from W. Epstein and is a streptomycin 

resistant derivative of the original HfrH crp mutant des

cribed by Emmer et al. (1970). CA8307 was obtained from 

J. Beckwith and carries a deletion in the crp gene. 

CA8306, also from Beckwith, contains a deletion of cya. 

The Collb plasmid was introduced into each of these E. 

coli strains by conjugation with TJA35# The efficiency of 

plating of T5 on these Collb * and Collb" derivatives is 

shown in Table ij.. It is apparent from these data that a 

functional catabolite repression system is not necessary 

for expression of the Cmr restriction phenotype. 

dnaCr 

The influence of the dnaG- gene on Collb mediated 

restriction was tested in a similar manner. PC-3 is an 

E. coli replication mutant, originally described by 

Wechsler and Gross (1971)* that i3 defective in DNA elon

gation and which is unable to synthesize an active 
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Table Ij.. Efficiency of Plating of Bacteriophage T5 
oqE, coli Matants Defective in Catabolite 
Repression 

Strain Plasmid Genotype 

Relative 
Plaque 
Number 

HfrH Hone crp+ cya+ 1 

5333a None 1 

5333s Collb ij. x 10"̂  

CA8306 None cva 9 x 10"1 

CAQ306 Collb 1 x icr6 

CA8307 None 1 

CAQ307 Collb CT£ 3 X 10~6 

Relative plating efficiency was measured on nutrient agar 
at 37 0. EOP was measured relative to HfrH. 



68 

product of the dnaG cistron at elevated growth temperatures 

(1*2 C). 

A Collb4- derivative of PC-3 was constructed using 

the procedure described in Methods. The relative effi

ciency of plating of T5> on this strain, measured at the 

permissive temperature, is shown in Table 5. These results 

suggest that the dnaG- mutation in PC-3 exhibits a partially 

permissive Cmr phenotype even at temperatures which permit 

replication of host DNA. In order to ensure that the 

thermosensitive dnaG lesion was responsible for the partial 

permissiveness, a spontaneous thermosensitive revertant of 

PC-3 ColIb+ was isolated and tested for its ability to sup

port T5 growth at 30 C. The efficiency of plating of T5 

on this strain is also shown in Table £ and is similar to 

the dnaG parent, suggesting that the thermos ensitive 

lesion in PC-3 is not responsible for the partical Cmr" 

phenotype. 

The possibility remained, however, that PC-3 might 

have an additional Cmr" phenotype associated with the 

thermos ensitive dnaG lesion that would only be expressed 

at the restrictive temperatures. But as PC-3 ColIb+ will 

not grow at C, it was impossible to measure the effi

ciency of plating of T£ at that temperature. Instead, the 

success of Tf> infection at C in this and the Collb" 

parent was determined by measuring one-step growth kinetics 
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Table 5. Efficiency of Plating of Bacteriophage T5 
on Colicinogenic dnaG Mutants of E. coli 
K-12 

Strain Plasmid Genotype 

Relative 
Plaque 
Number 

DM£O6 None dnaG+ 1 

UA35 Gollb dnaG+ 3 x 10"6 

PC-3 Hone dnaG 1 

XTAif.714. Collb • dnaG $ x 10-3 

UAlj.86 None revert ant of 
dnaG to dnaG 1 

TSAltfk Collb revertant of 
dnaG- to dnaG+ 2 x 10~3 

Relative plating efficiency was measured, on nutrient agar 
at 30 C. EOP was measured relative to DH5>06. 
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at 30 C or l\2. 0. Experimental procedures for these one-

step growth experiments were the same as those described 

in Materials and Methods except that all incubation steps 

after phage adsorption were carried out at either 30 G or 

k2 C. In this type of experiment, growth and division of 

the host cell is not required since phage production is 

measured by infective center formation on a thermoresistant 

sensitive indicator bacterial strain. Figure ̂  depicts 

the growth kinetics of T5> on Collb* and Collb" dnaG E. 

coli derivatives as measured at 30 C or 1)2 C. Several con

clusions can be drawn from this data. (1) In that the 

titer of infecting phage was the same for all experiments, 

it is apparent that the phage transmission coefficient is 

lower in the Collb* strains than in the Collb™ ones and 

is the same for the Collb+ isolate regardless of tempera

ture. The reduced transmission coefficient is indicative 

of abortive .infection and shows that the dnaG- ColIb+ mu

tants are not permissive for infection at elevated 

temperatures, and, therefore, do not exhibit a thermo-

sensitive Crm" phenotype. Also, the transmission coeffi

cient of T5 on these strains is even lower than that 

measured for wild-type Cmr+ Collb4* hosts, suggesting that 

the partially permissive Cmr" phenotype seen earlier when 

phage plating efficiency was used as an assay is not ob

served when phage are preadsorbed to cell3 and plated a3 

infective centers. (2) Growth of T5 on PC-3 Collb" at 



Pig, I4.. One Stop Growth Kinetics of on dna£>" 
E. coli Derivatives 

Experimental procedures are as described in 
Materials and Methods except that after phage were 
adsorbed to cell3, all subsequent steps were carried 
out at the following temperatures: • PC-3 (Collb"), 
30 C; M PC-3 (Collb"), Lj.2 C; 0 UA^ (ColIb+), 30 C 
• (ColIb+), Ij.2 G. 
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coli Derivatives, 



72 

lj.2 C is similar to (although faster than) growth of phage 

in the same host measured at the temperature permissive 

for host DMA synthesis (30 C). This implies that the dnag 

gene product i3 not required for growth of in a non-

colic inogenic E. coli host, (3) ITo phage burst can be 

detected in a Tf> infected dnaG- ColIb+ host grown at 1).2 C. 

Although the growth kinetics of Tf> on PC-3 Collb* at 30 C 

were the same as observed on other Cmr+ Collb* cells, at 

i}.2 C the infection was completely abortive. This suggests 

that the dnaG- gene product is required for T£ growth in 

ColIb+ cells. Tilhile it would be interesting to pursue this 

rather surprising finding, such work would not be partic

ularly germane to the question of Collb mediated restriction 

Restriction of Phage Under 
Anaerobic Conditions 

A3 mentioned in the Introduction, and also a3 shown 

in data presented here, the efficiency of plating of T£ on 

a colicinogenic host varies greatly depending on whether 

or not the phage particle is preadsorbed to the host cellj 

the results differing by as much as 10^-fold. Thus, under 

certain conditions of infection, a partial Cmr" phenotype 

may be achieved by an otherwise normal Cmr+ host cell. In 

experiments where phage are preadsorbed to the host cell 

prior to plating for infective centers (as in one-step 

growth analyses), the adsorption is often done in the 
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presence of the metabolic inhibitor potassium cyanide. This 

is done to synchronize the infection of the culture prior to 

measuring growth kinetics. Therefore, the possibility 

existed that the presence of potassium cyanide, or more 

precisely, the inhibition of the electron transport system 

of E. coli. was responsible for the partially permissive 

phenotype. To teat this hypothesis, the efficiency of 

plating of T5 on Cmr+ and Crar"* host bacteria was measured 

under anaerobic conditions. Cells growing anaerobic ally, 

as with potassium cyanide inhibited cells, mast derive all 

their energy from fermentation (Watson 1970). If a func

tioning electron transport system is required for complete 

Collb mediated phage restriction, Cmr+ ColIb+ cells should 

plate Tf> with a higher efficiency under these conditions. 

But the results in Table 6 show that growth of T5 is re

stricted to the full extent when tested on cells growing 

anaerobic ally. These results also show that expression of 

the Cmr" phenotype is unaffected in that ITAij.83 remains 

permissive. Thus, one can conclude that oxidative phos

phorylation is not necessary for expression of the full 

Cmr* phenotype and, by inference, that mutations which 

relieve ColIB mediated restriction do not alter electron 

transport. Also, all the host strains tested were able to 

grow anaerobic ally implying that Cmr" cells are not defi

cient in fermentation. 
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Table 6. Efficiency of Plating of Bacteriophage on Cmr~ 
E. coli Derivatives Under Anaerobic Conditions 

Strain Plasmid Phenotype 

Relative 
Plaque 
Number 

DM£06 Hone Cmr+ 1 

TJAlj.82 Collb Cmr+ 1 x 10"6 

UAlj.83 Collb Cmr" 7 x 10"1 

Relative plating efficiency was measured on nutrient agar; 
plates were incubated at 37 C in a candle jar. EOP was 
determined relative to DM£O6. 

Levels of Protein Synthesis in T£ 
Infected Collb Cells 

The following experiment was done to compare the 

levels of phage specific protein synthesis in T£ infected 

Cmr+ and Cmr~ colicinogenic cells at various times after the 

start of phage development. Exponentially growing cells were 

infected with T5> as described in Materials and Methods and 

then incubated with vigorous aeration in complex MUM media 

containing IjiCi/ml [%] leucine. At various times, samples 

were taken into cold 10 percent trichloroacetic acid [TCA], 

Acid-insoluble material was then collected on glass filter 

pads, washed with three 5 rol volumes cold 10 percent TCA, 

two £ ml volumes 95 percent ethanol and then dried, Radio

activity in each sample was determined by liquid scintil

lation counting. 
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Figure 5 shows that the levels of incorporation 

of leucine into phage proteins at pre-early tines (0-8 

minutes) is similar for all three strains though protein 

synthesis in UAJ4.83 may be slightly reduced. However, at 

early and late time (10-36 minutes) it is apparent that 

incorporation of leucine into phage proteins in the Cmr+ 

ColIb+ strain, TJAlj.82, has ceased. This is in agreement 

with the findings of Moyer, Fu, and Szabo (1972) who 

reported that synthesis of Class II and Class III proteins 

is defective in Cmr+ Collb* hosts. This is in contrast to 

TJAlj.83 (Cmr~ Collb*) where incorporation of [%]leucine 

continues throughout the experiment at levels equal to or 

greater than the Cmr+ Collb" permissive control (IT.Alj.89). 

These results indicate that phage proteins can be made 

at early and late times in a Cmr" E. coli host, even in 

the presence of a Collb plasmid. 

Patterns of Protein Synthesis in T£ 
Infected Collb+ Cells 

As mentioned in the Introduction, three classes of 

phage proteins are synthesized during the normal Tf) growth 

cycle: Class I (pre-early) protein synthesis occurs from 

1-8 minutes, Class II (early) protein synthesis from £ 

minutes to lysis, and Class III (late) protein synthesis 

from 1$ minutes to lysis. Phage specific polypeptides were 

analyzed by polyacrylamide-SDS gel electrophoresis to 
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Pig* Levels of Protein Synthesis in Infected ColIb+ Cells. — 
erimental conditions are described in the text. UAlj.82, Cmr+ ColIb+; 
.83, Cmr- Collb ; UAlj.89, Cmr+ Collb". 



qualitatively compare proteins synthesized in T5? infected 

ColIb+ Cmr+ cells to those in a Collb* Cmr*" host. T5 

infected cells were pulse labeled with radioactive amino 

acids for two minutes beginning at various times after the 

start of viral development. . The proteins labeled by this 

procedure were solubilized in sodium dodecyl sulfate [SBS] 

mercaptoethanol and separated by electrophoresis on per 

cent polyacrylamide-SDS gels. Each gel was then cut into 

1-2 mm slices and the radioactivity in each slice was 

determined by liquid scintillation counting. Only phage 

specific proteins are labeled by this procedure since host 

protein synthesis ceases immediately after infection 

(Moyer et al. 1972). In instances where phage proteins 

synthesized in a Cmr" mutant are being compared to those 

in the Cmr+ Collb" permissive host, the phage proteins 

from the Cmr" mutants were labeled with [%]amino acid3 

while those from the Cmr+ Collb"* control were labeled 

with [^C] amino acids. This permitted the phage proteins 

derived from the mutant host and the permissive wild-type 

control to be co-electrophoresed for more precise compari

son. Figure 6 is an electropherogram depicting T5 phage 

proteins synthesized two minutes after infection of UA2j.89 

(Cmr+ Collb") or 17^83 (Cmr~ Collb+). The pattern of pre-

early protein synthesis appears to be similar in the 

mutant and wild-type permissive host. Figure 7 compares 
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Pig. 6. Protein Synthesis in T5 Infected Cells 2 
Minutes After Start of Infection. — The 5>-ial portions of 
T£ infected cells were pulse labeled for a 2-minute period 
beginning 2 minutes after the start of infection. Samples 
were co-eleotrophoresed in 15 percent SDS-polyacrylamide 
gels for 18 hours. Experimental details of labeling and 
electrophoresis are described in Materials and Methods, 
The left side of the electropherogram represents the cathode. 
Closed symbols represent Infected UAlj.89, open symbols 
represent T£ infected UAi|.83. Total net D3?M: UAl|.89, 8,Olj.3 
(IMC); TXAlj.831 30,801 (3H). 
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Pig, 7« Protein Synthesis in Tf? Infected Cells 8 Minutes 
After Start of Infection. — Experimental conditions are a3 
described in Figure 6 except that cells were puls'e-labeled 
starting 8 minutes after infection. Closed symbols represent 
T5 infected TJAJ4.89, open symbols represent T5> infected UAl{.83. 
Total net DPM: UA1 L89, 11,087 TTA^83, 71,059 (3H). 
Cells were labelled for 2 minutes. 
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the pattern of protein synthesis in T5 infected Cmr Collb 

and Cmr" ColIb+ cells at early times, 8 minutes after the 

start of phage development. It is apparent from these data 

that several of the Class II proteins produced in the wild-

type permissive cell are not being synthesized in equiva

lent amounts in the permissive mutant. Also, many of the 

polypeptide species synthesized at 8 minutes in the in

fected TJAJ4.83 culture appear to have a similar electro-

phoretic mobility as polypeptides made at pre-early times 

in the T£ infected UA^89 culture. This was confirmed by 

co-electrophoresis of T$ proteins from a phage infected 

TJAlj.83 culture labeled at 8 minutes with proteins from a 

IT.A2j.89 culture labeled at 2 minutes after the start of 

phage development. Ttese data, shown in Figure 8, confirm 

that all but possibly one of the polypeptide species syn

thesized in UAlj.83 at early times are identical with pre-

early polypeptides produced in the wild-type permissive 

host. This suggests that the shutoff of pre-early protein 

synthesis is delayed in the Cmr" ColIb+ mutant permissive 

host. The electropherogram shown in Figure 9 depicts the 

pattern of protein synthesis in Tf? infected Cmr+ or Cmr" 
*|* 

Collb cells at late times; cells were pulse-labeled 2lf. 

minutes after the start of phage development. These data 

show that at late labeling times, the phage specific 

polypeptides synthesized in TJ? infected Cmr"" ColXb+ cells 
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Pig. 8. Comparison of Proteins Synthesized in 
infected TJAlj.89 Cells at 2 Minutes to Proteins Synthesized 
at 8 Minutes in Phage Infected TJAij.83. — Experimental con
ditions are as described in Figure 6, except that two 
labeling periods are compared. Closed symbols represent . 
Tf? infected tJAl|.89, and open symbols represent infected 
UAij.83. Total net DPM: UAJ4.89, 8,287 (l̂ C); UAij.83, ij.0,926 
(3H). Cells were labeled for 2 minutes. 
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Pig. 9. Protein Synthesis in Ti> Infected Cells 2ij. 
Minutes After the Start of' Infection. ~ Experimental 
conditions are as described in Figure 6, except that 
cells were pulse-labeled starting 21^ minutes after in
fection. Closed symbols represent infected UAlj.89 
and open symbols represent TJAk83. Total net DPM: UAl}.09, 
12,Ij.83 (14C); TTAi^83, 8ij.,238 <3H). Cells were labeled for 
2 minutes. 



are similar or identical to those Class III proteins syn

thesized late in Cmr+ Collb" wild-type permissive cells. 

Figures 10, 11, and 12 are electropheiograms show

ing the pattern of phage specific polypeptide synthesis 

in T5 infected wild-type Collb" cells (TTAij.89) compared to 

those proteins synthesized in the partially permissive 

mutant derivative, UAfJZL. VA$21 is a Collb+ E.ooli deriv

ative which contains only one of the two mutant Cmr" 

alleles known to be present in UAlj.83. Derivation of this 

and other partially permissive single mutants is described 

in the Genetic Analysis section. The data presented here 

show 1 that the synthesis of proteins in the partially per

missive singly mutant strain TJA£21 is similar both quali

tatively and temporarily to synthesis of proteins in the 

T5 infected wild-type permissive host. The electrophero-

gpams pictured in Figure 13 show that the pattern of phage 

polypeptides synthesized at 2 minutes (top) and at 8 

minutes (bottom) after start of T5 phage development in a 

wild-type restrictive host cell, UAij.82 (Cmr+ ColIb+). It 

can be seen that synthesis of Class X proteins appears to 

be normal in these cells. But at 8 minutes no synthesis 

of Class IX polypeptide species can be detected and Class 

I protein synthesis has been terminated. Figure llj. shows 

the pattern of proteins synthesized during a 2-minute pulse 

period for an uninfected culture of UAlj.89. This eleotro-

pherogram is clearly dissimilar to any of those depicting 
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Pig. 10. Synthesis of Phage Proteins in In!acted 
Cells 2 Minutes After Start of Infection. — Experimental 
conditions are as described in Figure 6. Closed symbols 
represent T5 infected tTAlj.89 and open symbols represent 
T5 infected UA$21. Total net DPM: UAIL89, 7,739 
UA521, 206,LJ.88 (3H). Cells were labeled for 2 minutes. 
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Pig. 11. Synthesis of Phage Proteins in 
Cells 8 Minutes After Start of Infection. — Experimental 
conditions are as described in Figure 6 except that cells 
were pulse-labeled starting 8 minutes after infection. 
Closed symbols represent . Tf? infected UAlj.89 and open 
symbols represent T£> infected TJA521. Total net DPM: 
TJAlj.89, 10,572 (S^); UA521, 193,805 (%). Cells were 
labeled for 2 minutes. 
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Fig. 12. Synthesis of Phage Proteins in Tf? Infected 
Cells 2lj. Minutes After Start of Infection. — Experimental 
conditions are as described in Figure 6 except that cells 
were pulse-labeled starting 2l\. minutes after infection. 
Closed symbols represent T5 infected UAlj.89 and open 
symbols represent infected TTA£21. Total net DPM: 
TTAlj.89, 12,285 (14C); UÂ 21, 23̂ ,039 (<H). Cells were 
labeled for 2 minutes. 
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Pig. 13, Synthesis of Tf> Proteins in a Collb Re
striction Host. UAlj.82. — T5 infected cells were pulse-
labeled with [3n]leucine for 2 minutes beginning at 2 
minutes after infection (pre-early) or 8 minutes after 
infection (early). Samples were electrophoresed in 1$ 
percent SDS-polyacrylamide gels for 18 hours. Experi
mental details of labeling and electrophoresis are as 
described in Materials and Methods. The left side of 
the electropherogram repreaenta the cathode. Total net 
DPM: pre-early, 8,988; early, 2,1|86. 
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Fig, 12Synthesis of Proteins in Uninfected Cells. — 
A 5-ml portion of an exponentially growing culture of 
TJAZj.82 was pulse-labeled for 2 minutes with 3h leucine. 
Labeled proteins were analyzed by electrophoresis in 15 
percent SDS-polyacrylamide gels. Details of electro
phoresis are described in Materials and Methods. The 
left side of the electropherogram represents the cathode. 
Total net DPM: 30,129. 
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phage specific polypeptides confirming that host proteins 

have not been labeled in these experiments. 

Growth of Crar~ Cells 

The growth rate of the mutant and parent strains 

was studied in order to determine whether the Cmr" defect 

has an effect on cell growth. The kinetics of growth of 

cultures in nutrient broth was measured; cell doubling 

times calculated from these data are presented in Table 7« 

A small but readily reproducible difference in growth rate 

between the mutant and parent strains was noted. Growth 

of the mutant derivatives in minimal media was similarly 

found to be impaired (data not shown). 

Table 7. Growth of E. coli Cmr" Mutants in Rich Media 

Strain Cmr Phenotype 
Cell Doubling 
Time (Minutes) 

m 

TJAI4.82 + 21 

UAJ4.Q3 - 31 

TTAlj.89 + 23 

UAlj.90 - 31 

Exponentially growing nutrient broth cultures were diluted 
to a final concentration of lO^/ml in nutrient broth and 
incubated with aeration at 37 C. At 30 minutes intervals 
samples were withdrawn, diluted appropriately and inoculated 
onto nutrient agar plates to determine the number of viable 
cells. 
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Synthesis of RNA and Protein in 
Cmr" Cell Cultures 

The synthesis of RITA and protein in TJAJ4.Q3 was meas

ured by monitoring the incorporation of radiolabeled pre

cursors into acid-insoluble material. This was done to 

determine whether the growth defect in Cmr" cells was due to 

. a major alteration in one of these cell processes. The 

results, shown in Figure l£, suggest that neither protein 

nor RITA synthesis are greatly impaired in the mutant although 

the lower ratio of RHA/protein in UAJ4.83 compared to the 

parent strain may be indicative of a reduced rate of syn

thesis of RNA relative to protein. 

The results shown in Figure 16 are from an experi

ment similar to that depicted in Figure 15, except that at 

the time indicated, the radiolabeled precursors were washed 

free and replaced by unlabeled media. Since the amount of 

label in protein and RNA remains constant after the shift, 

one can conclude that the growth defect is not due to some 

instability of these products in the cell, A similar re

sult was obtained with TJAij.82 (Cmr+) (Fig. 17). It should be 

noted that the R2JA synthesis measured in Figures 15, 16, 

and 17 reflects predominantly that of ribosomal RITA and 

may not be an accurate account of synthesis or turnover 

of other RITA species. 
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Fig* 15. Synthesis of Ribonucleic Acid and Protein 
in cnn* and cmr" E. coli K-12 Derivatives. — Experimental 
details are described in the text. Solid lines represent 
incorporation of uracil and broken lines incorpora
tion of 3H leucine. The ratio, of [UjCjDPM vs. [3H]DPM 
is also shown. 



Fig. 16. Turnover of Ribonucleic Acid and Protein in 
UAlj.83. 

Growth and labeling conditions are the same as 
in Figure 17, except that after 2 hours, the culture 
was split and half the cells were washed free of radio
labeled media, re suspended in media with an excess of 
leucine and uracil and then incubated and sampled as 
before. The solid line represents incorporation of 
[HR;] uracil and the broken line incorporation of PH] 
leucine. The ratio of [^K3]DPM vs. [3H]DPM is also 
shown. 
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Pig. 16^ Turnover of Ribonucleic Acid and Protein 
in XTAlj.03 



Pig. I7« Turnover of Ribonucleic Acid and Protein 
in UAJ4.82 

The solid line represents incorporation of 
uracil and the broken line incorporation of [3H] 
leucine. The ratio of [L4C]DPM vs. [3H]DPM is also 
shown. 
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Pig. 17. Turnover of Ribonucleic Acid and Protein 
in UAij.82 
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Sensitivity of Cmr" Cells to Antibiotics 

The genetic localization of the cmr alleles near 

genes which ape known to affect cell sensitivity to amino

glycoside antibiotics suggests that Cmr" derivatives might 

also show altered sensitivity. Apirion and Schlessinger 

(1969) have already shown that mutations conferring resis

tance to neomycin and kanamycin can also alter the host 

cell sensitivity to another drug, even though resistance 

or sensitivity to that drug is determined by a separate 

genetic locus. Therefore, the sensitivity of TJAlf.62 and 

UAlj.83 to several different antibiotics was tested to de

termine whether the Cmr" defect might alter the sensitivity 

of mutant cells to these agents. This was done by measur

ing the mean size of zones of inhibition around standard 

antibiotic sensitivity discs. The results from this 

experiment are shown in Table 8. The following conclusions 

can be drawn from this data. (1) Sensitivities to chlor

amphenicol, colymycin and sonilyn are unaffected by the 

cmr loci. (2) Sensitivity to the antibiotic ampicillin 

is decreased by the presence of Cmr". (3) Sensitivities 

to the aminoglycoside antibiotics kanamycin and gentamioin 

are increased in the Cmr™ mutant derivative. These results 

suggest that the cmr mutations directly or indirectly af

fect the specific target site of these aminoglycoside 

antibioticsj that is, the 30s ribosomal subunits. 



Table 8. Sensitivity of Cnrr" Cells to Antibiotics as Measured by the Disc Diffusion 
Test 

Mean Size of the Zone of Inhibition (in cm). with One Standard Deviation 

Antibiotic Disc 

Strain AM CM SL CL GM KAN 

UAlj.82 0.9 ± .01 1.8 + .07 1.5 + .17 0.78 + .05 0.92 + .015 0.88 + .015 

UAI4.83 0.8 ± .01 H
 

•
 

00
 

+ .08 1.5 + .17 0.80 + .05 1.1 + .015 1.3 + .Oltf 

Abbreviations used are: AM, arapicillin; GM, chloramphenicol; SL, sonilyn; CL, 
colymycin; GM, gentamicin; KAN, kanamycin. The macrolide antibiotics erythromycin 
and clindomycin were also tested but both strains were found to be completely 
resistant. 
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Effects of cmr on Collb Plasmid Expression 

Colicin Production 

Since mutant Collb plasmids which fail to arrest 

development are also altered in their ability to syn

thesize colicin, an attempt was made to determine whether 

cmr mutations might have a similar effect (author!s unpub

lished observation). A lacunae assay was used to measure 

the fraction of cells in Cmr+ and Cmr" cultures spontaneous

ly induced to synthesize colicin (Table 9). These results 

show little difference between the level of spontaneous 

induction in each culture. 

Another possibility considered was that spontane

ously induced cells in Cmr" cultures produced altered 

amounts of colicin, This would be reflected in different 

relatiw titers of colicin in whole cell extracts of mutant 

cell cultures compared to wild-type. Crude colicin prepa

rations were made from each strain using the procedure 

described in Methods. Killing activity in each extract 

was determined; the results are depicted in Figure 18. 

These results show that the level of colicin synthesized 

in Cmr" cells is similar to the level in the wild-type 

controls but suggest that the cmr mutations may have a 

slight inhibitory effect on colicin synthesis. 
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Table 9. Production 
Cultures 

of 
4. 

Lacunae by Cmr and Cmr" Cell 

Strain Phenotype Exp 

% of Cells 
Forming 

# Lacunae 

Number Rel-
. ative to 
Wild Type 

UAI4.82 Cxnr+ 1 18 x 10"̂  1 

2 3.8 x 10~£ 1 

UAJ4.83 Cmr" 1 i|..5 x 10"̂  .25 

2 3.6 x 10~£ .95 

The fraction of lacunae forming cells in exponentially 
growing cultures of each strain was determined using the 
method described by Monk and Clowes (196If.b), except that 
3pectinoraycin was used to inhibit their growth. Cells 
were grown to exponential phase in nutrient broth at 37 C 
with aeration. Various dilutions were then plated for 
viable count and together with tenth milliliter samples 
of a culture of ColIbS Spcr indicator bacteria on nutrient 
plates supplemented with 100 ug/ml spectinomyoin. After 
ij. to 7 hours incubation at 37 C lacunae, representing 
single colicin producing cells, were counted. 
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Fig* 18. Bacteriocidal Activity of Extracts of Collb 
Cells. — An" overnight culture of a 'colicin lb sensitive 
strain, DM506, was grown to .exponential phase in nutrient 
broth, harvested by low speed centrifugation and re suspended 
in 0.85$ saline at Z x 10°/ml. Samples (0.9ml) of these 
test cells were mixed'with 0.1 ml of different dilutions of 
whole cell extracts, incubated without aeration at 37 C for 
6Q minutes and then assayed for survivors. Preparation of 
extracts is described in Materials and Methods. The IcLlling 
activity was verified as colicin lb by placing undiluted 
extract samples (0.05 ml) on lawns of colicin lb sensitive 
or colicin lb resistant derivatives of DI£>06. After over
night incubation at 37 C> growth of the resistant strain 
was uninhibited by the extract, whereas the inoculated 
areas on the sensitive indicator were clear". 
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Immunity 

Immunity to colicin lb is another Collb plasmid 

function which might be influenced by the cmr mutations. 

In order to compare the level of immunity to colicin lb 

in Cmr+ or Cmr" Co lib+ cells, dilutions of crude extracts 

of colicin lb were inoculated as spots (0.05 ml) on to 

lawns of either Cmr* Collb4* (TJAlj.82) or Cmr" (TJAlj.83) bac

teria. TJAlj.89 and TJA3f> wero also tested as controls. 

After overnight incubation of the plates at 37 C, inhibi

tion of growth in the inoculated areas for each strain 

was determined. The results are shown in Table 10. Eight

fold more colicin was required to inhibit growth of the 

wild-type Cmr+ Collb+ derivative, TJA482, than was required 

to inhibit the Collb" colicin sensitive control strain 

TTA489. Sixteen-fold more colicin was required to inhibit 

the growth of the mutant Cmr" Collb"1" strain UAl}.83 than was 

needed for UAlj.89. Although this twofold difference in coli

cin immunity is readily reproducible, the significance of 

such a small difference is difficult to assess. Westling-

HaggstriJm and Norraark (1975) have shown that cells with 

a slower growth rate are more resistant to certain anti

biotics. Thus this twofold difference in immunity to 

colicin may be attributable to the reduced growth rate of 

the Cmr" mutant. It would seem, then, that Cmr" has 

little or no effect on expression of colicin immunity by 

the Collb plasmid. 



Table 10. Spot Test Determination of Immunity of Colicinogenic Cmr~ Cells 
to Colicin lb 

Dilution of Crude Colicin lb Extract 
Indicator 
Strain Phenotype Plasmid IA 1/8 1/16 1/32 I/6I4. 1/128 l/2$6 

UAij.89 Cmr+ None + + + . + + + — 

UA35 Cmr+ (Collb**) Collb4* - M - - -

UAJ4.82 Cmr+ Collb* + + + - -

TJAI4.83 Cmr" Collb+ . + + - - - -

The extent of iiihibition of growth of the indicator bacteria within each spot ia 
indicated by + for complete or partial inhibition or - for no inhibition. 

H 
O 
o 
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Effects of cmr Mutations on Other Plasmids 

The influence of the defect in Cmr" cells on expres

sion of antibiotic resistance by resistance plasmids was 

examined. Either the I-type resistance plasmid R61|.drdll 

(sm, tc) or the F-type resistance plasmid Rldrdl9 (su, sm, 

sp, am, cm, km) was introduced into the Cmr+ (Collb") and 

Cmr~ (Collb") derivatives UAi4.89 and UAlj.90. Cultures of 

TTAJ4.89 R6i4.drd.ll and TTAJ4.90 R6l4.drd.ll were then inoculated on

to plates containing increasing amounts of tetracycline 

and the efficiency of colony formation of the cultures at 

each concentration was measured. Derivatives carrying 

Rldrdl9 were similarly tested for resistance to penicillin. 

The results in Figure 19 and Figure 20 show that expression 

of antibiotic resistance by either plasmid is unaltered in 

the mutant strain. The small difference in tetracycline 

resistance apparent in Figure 19 varied qualitatively upon 

several experimental repeats and is thus not considered 

an indication of altered resistance in the Cmr" derivative. 

Genetic Analysis of cmr 

Genetic Analysis Using Conjugation 

All genetic analysis except dominance testing was 

done in the original UA77 isolate. The approximate map 

position of the Cmr" defect relative to other loci on the 

E. coli chromosome was determined by using TJA77 as a 
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Pig. 19. Efficiency of Plating of Cmr+ and Cmr~ E. 
coli K-12 Derivatives Carrying the R61i.drdll (tc, sm) 
Resistance Flasmid. — Dilutions of exponentially growing 
cultures were inoculated onto fresh Mueller-Hint on plates 
containing various concentrations of tetracycline. Sur
vival was determined by comparing the cell titer at each 
antibiotic concentration to the titer on control plates 
containing no antibiotic. • TJAij.89 (Cwr+) R61t.drdll: 0 
UAlj.90 (Cmr-) R6kdrdll: — typical survival of R- derivatives. 
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Pig. 20. Efficiency of Plating of Cmr+ and Gmr~ E. 
coli K-12 Derivatives Carrying the Rldrdl9 (sm, sp, am, 
cm, km) Resistance Plasmid. — Dilutions of exponentially 
growing cultures were inoculated onto fresh Mueller-
Hinton agar plates containing various concentrations of 
penicillin (1550 TJnits/mg). Survival was determined as 
in Figure 21. • TJAlj.89 (Cmr ) Rldrdl9' 0 TJAlj.90 (Cmr~) 
,Rldrdl9: ;— typical survival of R" derivatives. 
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recipient in matings with various Hfr donor strains. Re

combinants were selected for inheritance of auxotrophic 

markers and then scored for Cmr by cross-streaking against 

phage T5 on nutrient plates. Only those Hfr donors which 

transfer cmr as an early marker will donate the cmr+ 

allele(s) to the recipients under the conditions used. 

The results shown in Table 11 reveal that only two Hfr 

strains transferred the cmr+ locus (loci), KLII4. and KL228; 

cmr"** must be transferred as an early marker for each donor 

and must therefore be located between the origins of trans

fer of the two Hfr donors. KLlij. was again used as a donor 

with TTA77, only the more proximal marker xyl was selected 

•f* 
and Str and Cmr were scored as unselected markers. Nali

dixic acid was used to prevent growth of the donor. The 

results in Table 12 suggest that the Cmr" defect is closely 

linked to Str*. 

Table 11. Hfr Mapping of cmr 

. ,|r 
Donor Selected Markers Fraction Cmr $Crar 

KLllj. thr leu nalR 13/51 25 
KL228 mtl+ naP* 2/7lf. 3 
PK191 O/83 0 
PlpC thr* leu4* str? 0/50 0 
RA2 thr "J* leu"*" str̂  0/126 0 
H ££2. his str^ 0/lij. 0 

P~ recipient strain: UA77 

Matings w-ere for 60 minutes 
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Table 12. More Hfr Mapping of the cmr Locus 

Recombinant Glass 
(Phenotype) % of Total 

StrS Cmr+ 

Str^ Cmr" 

86 

11 (Cmr+) , 
str5 *Tl+ 

StrS Cmr" 

Str11 Cmr+ 

2 

1 (Cmr") , 
strR X7l+ 

StrS Cmr" 

Str11 Cmr+ (Cmr") , 

Hfr strain: KLll^j P~ strain: UA77 

Selected markers: xyl* Nals 

Matings were for 60 minutes 

Genetic Analysis of cmr Using Transduction 

Once it was determined from the Hfr conjugations! 

mapping data that the cmr mutation(s) was near strA, trans

ductions mediated by bacteriophage PI were performed using 

TTA77 as the donor strain and several different Cmr+ ColIb+ 

strains with genetic markers near strA as recipients. For 

each transduction, recombinants were selected for inheri

tance of an appropriate donor marker, purified once on 

selective media and then scored for coinheritance of the 

donor Cmr+ phenotype. It was necessary to purify each 

individual recombinant away from background growth and 

background PI phage because the recipient Cmr+ phenotype 
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is dominant over the permissive donor phenotype and condi

tions used to score sensitivity to phage t5 are also con

ducive to growth of bacteriophage PI. Cmr was scored by 

cross-streak as before. The frequency of cotransduction 

between cmr and crp, strA, aroE, dnaG and argG was tested. 

These results are shown in Table 13. As both AB2828sp 

and KT.D]flp are resistant to spectinomycin, while the donor 

UA77 possesses the sensitive spcA allele, it was also pos

sible to score the coinheritance of the spcA locus in trans

ductions with these derivatives. Thus in these instances 

a three factor analysis could be done between strA, spcA 

and cmr on one hand and aroE spcA cmr or aroE strA cmr on 

the other. The data from these analyses are shown in 

Tables U|. and 15* The results of the two point analysis 

(Table 13) show that the Cmr" phenotype is cotransduced 

with aroE. 3trA and crp but not with dnaG- or argG. 

Table 13. Frequency of Co transduction Between cmr and 
Various E. coli Chromosomal Genes 

Recipient Selected Fraction Cotransduction 
Strain Marker Cmr" Frequency 

5333s (Collb) cr£ 3/52 0.06 
KL?4 (Collb) strA 116/500 0.23 
AB2828sp (Collb) arol 235/388 0.61 
TTAJLf.7̂ 4- dnaG 0/600 0.002 
JCijll (Collb) argG 0/500 0.002 

The Cmr phenotype was scored by cross-streaking bacterio 
phage T5. 
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Table llj.. Preliminary Three Point Analysis of the strA 
spoA and cmr Alleles of E. coli 

Recombinant Class 
(Phenotype) Uumber/Percent 

Spcs Cmr+ 77 (1SM 

Spcs Cmr" 104 (20.8) 

SpcR Cmr+ 307 (61.0) 

SpcR Cmr" 12 ( z.h) 

Donor: UA77 Cmr" SPC5 stiff 

Recipient: KLli^sp ColIb+ Cmr+ spc-^ strf3 

Selected marker: StrR 

Number Scored: £00 

The Cmr phenotype was scored by oross-streaking bacterio
phage T5. Recombinant classes are listed such that given 
the gene order str ape cmr, the recombinant class requiring 
four crossover events is listed last. 
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Table 15. Preliminary Three Point Analysis of 
spc« str and cmr Alleles of E. coli 

the aroE, 

Recombinant Glass 
(Phenotype) Number/Percent 

Strs Cmr" lll{. (29) 

Strs Cmr+ 1̂ 0 (39) 

Str^ Cmr™ 121 (31) 

Str11 Cmr+ 3 (.7) 

Spcs Cmr+ 68 (18) 

Spcs Cmr" 217 (56) 

SpcR Cmr* 85 (22) 

Spc® Cmr" 18 (5) 

Stî  Spcs 168 Ui.3) 

Str3 SpcR 96 (25) 

Str11 Spcs 117 (30) 

Str® SpcR 7 (2) 

Donor: UA77 aroE+ spc5 str^ Cmr" 

Recipient: AB2828sp Collb* aroE" apcR strf3 Ciar+ 

Selected Marker: aroE+ 

Number Scored: 388 

The Cmr phenotype waa scored by cross-streaking bacterio
phage Recombinant classes are listed such that given 
the gene order atr cmr ape aroE, the recombinant class 
requiring four crossover events is listed last. 
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When three point analyses were performed between 

the strA, cmr, and spcA genes (Table llj.), and aroB, spcA 

omr or aroE atrA cmr (Table l£), contradictory results were 

obtained. In experiments where strA was the selected marker 

and spcA and cmr were scored as unselected markers, the 

gene order appeared to be strA spcA cmr. However, if re

combinants were selected for inheritance of aroE and then 

scored for strA, spcA and cmr, the cmr seemed to map between 

strA and sjacA, that is the gene order was strA cmr spcA 

aroE. To resolve this apparently impossible result, 50 

recombinants from the transduction with AB2828sp, which 

+ 
had been scored as either cmr or cmr by the cross-streak 

test, were retested for phage restriction by measuring 

the efficiency of plating T£ on each recombinant. It wa3 

found that many of the recombinants which appeared to be 

cmr+ by the cross-streak test were actually somewhat per

missive when tested by measuring the relative plating 

efficiency of phage on the isolate. These partially per

missive recombinants had a relative plating efficiency for 

for.Tf? that was aibout ten percent of. the relative plating 

efficiency on the fully Cmr"" derivatives, but was still 

10^-fold hi^ier than the relative plating efficiency on 

Cmr+ ColIb+ fully restrictive cells. Thus three separate 

Cmr phenotypes could be discerned in recombinants from 

this transduction. They are designated Cmr+, CmrA and 
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CmrB and the corresponding expected genotypes and the 

efficiencies of plating of Tf> are shown in Table 16. 

Table 16, Phenotype and Corresponding Genotype of 
the cmr Mutations 

Expected Relative Plaque 
Phenotype Genotype number 

Cmr+ cmrA+ cmrB+ 10-6 

CmrA" cmr A- cmrB+ H
 

O
 i H
 

CmrB" cmr A- cmrB- 1 

Cmr" sauie as CmrB- 1 

In light of these findings, the transduction was 

redone; phage PI propagated on UA77 was once again used 

to transduce AB2828sp ColIb+ to aroE*. Again recombinants 

were purified once on selective media and scored for Str1* 

Spcr and Cmr. Thi3 time Cmr was scored by testing each 

aroE*1* recombinant for its ability to plate T5. The results 

are depicted in Figure 21 and Table 17. The recombinant 

classes for the three point analysis shown in Table 17 are 

listed such that given the gene order presented in Figure 

21, the recombinant class requring four cross-over events, 

and thus, the least frequent, is listed last. The cotrans-

duction frequencies reported here between aroE spcA and 
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Pig. 21. Location of the omr Loci on the Circular 
Linkage Map of E. coli K-12. — Reference loci are placed 
as described by Bachman, Low, and Taylor (1976). Origin 
and direction of transfer of relevant Hfr strains is 
also shown. Arrows point to unselected markers. Dis
tances are not drawn to scale. 
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Table 17. Ordering of the omr Alleles with Respect to 
Adjacent Loci by Three Point Analysis 

Recombinant Class 
(Phenotypea) 

Number/Perc ent Deduced 
Order 

Strs CmrA" 189 w 

Strs CmrA+ 

Str^ CmrA" 

92 

13k-

(22) 

(32) 
strA-cmrA-aroE 

StrR CmrA+ 0 (0) 

Spc^ CmrA- 28 (7) 

SpcR CmrA+ 

Spcs CmrA" 

88 

295 

(21) 

(71) 
sp c A-cmr A - ar oE 

Sue3 CmrA+ It (1) 

Str11 CmrA" 3k (11) 

StrR CmrB" 

Str3 CmrA" 

100 

186 

(31) 

(57) 
cmrB-strA-aroE 

Strs CmrB" 3 (1) 

Spcs CmrA" 25 (8) 

Spcs CmrB" 

Spc^ CmrA" 

3 

195 

(1) 

(60) 
cmrB-STacA-aroE 

SpcR CmrB" 100 (31) 

Donor: UA77 cmrAl cmrBl strA spcA aroE4" 
Recipientr AB2t?2tjsp CColIb) cmr^" aroE353 strA+ spcA 
Selected Marker: aroE* 
Number Scored: 

a. Expected genotypes are listed in Table 16. 

b. Omr+ recombinants were not used in mapping cmrB: the 
number scored was 323. 
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strA are similar to those reported in the literature. 

Brown, and Apirion (197^) report a cotransduction frequency 

of 0,25 between strA and aroE, and Epstein and Kim (1971) 

have reported values of O.fjf? between strA and aroE and O.76 

between spcA and ar6E. 

Genetic Dominance of the cmr. Alleles 

Genetic dominance of the cmr loci was tested in the 

following manner. A malA derivative of UA490 (cmr Collb") 

was prepared by infecting UAJ4.90 with PI transducing phage 

grown on x97ij- and selecting for lambda resistant recombi

nants. A ColIb+ derivative of this strain (UAf?35) was then 

mated with and exconjugates with the genetic 

structure of KLFlfl cmr4* strs/TJA£3£ were tested for ability 

to plate T5> (Table 18). Mating conditions and procedures 

used to verify relevant markers are discussed in Materials 

and Methods. These results show that the cmr+/omr hetero-

zygote is fully restrictive and indicate that the cmrAl 

cmrBl genotype is recessive to the wild-type genotype. The 

continued presence of the cmr alleles was confirmed in the 

manner described by Westling-Haggstr&n and Normark (1975) 

taking advantage of the phenotypic dominance of the strA+ 

allele. Segregants of KLFkl/UA$3$ which had become 

resistant to streptomycin, and had therefore presumably 

lost all or part of the episome, were tested for plating 
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efficiency of T5; these were found to have regained the 

permissive phenotype. One of these is included in Table 18. 

Table 18. Efficiency of Plating of Bacteriophage T£ 
on a cmrvcrar" Merodiploid E. coli Derivative 

Strain Genotype 
Relative Plaque 

Number 

TJAlj.89 cmr* 1 

TJA£35 (Collb) cmr" 8 x 10"1 

KEFlp./UA£3£ (Collb) cmr+/cmr** 5 x 10-6 

KLFlp./TJAjJ35 (Collb) str^ 3egregant 8 x lO-**-

Relative plating efficiency was measured on nutrient agar 
at 37 Percent EOP is calculated relative to UAlj.09. 

Objective #2 

The following work was done to determine the in

fluence of two E. coli MA repair mutations on colicin plas-

mid expression. 

Induction of Oollb in a Filament-Forming 
Mat ant of E. coli K-12 

The tif gene in JS* coli which prevents cell divi

sion at high temperature also has been shown to affect the 

expression of bacteriophage lambda and the group I plasmid 

ColEl (see Introduction). The following experiments were 

done to determine whether tif might also have a role in 
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regulating colicin production by the I-like group II plas-

mid Collb. A nonlysogenic isogenic tif+ and tif set of E. 

coli strains was prepared by using a tif lambda" derivative 

(DM81J.7) as a recipient in a 30-minute gfr conjugal mating 

with KL16 as the donor strain. A thermoresistant recombi

nant . was selected and verified as retaining the other 

recipient markers. This strain, along with DM81j.7* was in

fected with the Collb plasmid in the usual maimer to pro

duce UA56 and UA£7> respectively. 

Lacunae Assay 

A lacunae assay was used to measure the fraction of 

cells in culture of each derivative induced to synthesize 

colicin at the permissive temperature (30 C) or at the 

restrictive temperature (Ip2 C). These results, listed in 

Table 19> show that 10^- to 10^ more tif ColIb+ cells pro

duce measurable amounts of colicin at ]\Z C compared to 30 C; 

whereas, roughtly comparable numbers of tif+ Collb+ cells 

produce colicin regardless of temperature. At 30 0, the 

fraction of induced cells in either UA£>6 or UAf?7 is the 

same. 

Titers of Colicin in tif4* or tif Collb+ Cultures 

The results obtained above are consistent with those 

from an experiment designed to measure the amount of colicin 

excreted into the surrounding media by tif+ or tif Collb+ 

cultures at 30 C or lj.2 C. Cultures of UAf?6 and UA57 were 
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Table 19 . Production of Lacunae by tif4* and 
Cultures 

tif" Cell 

Strain 
Geno
type 

Temper
ature Expt. 

Percent 
of Cells 
Forming 

# Lacunae 

Number 
Relative 
to Wild-
Type 

XTA56 tif" 30 
k? 
30 
U2 

1 
1 
2 
2 

1.6 x 10-5 

3.02x710-Ii-
3.5 

no 

10^ 

UAS7 t i f+  30 
1±2 
30 
& 

1 
1 
2 
2 

2.2 x 10-5 
2.3 x 10-4 
2.5 x 10-5 
2.3 x 10-4 H

 
H

 
O

 H
 O

H
 

H
 

H
 

1*
 

V
 

•KThe tenfold increase in lacunae production in wild-type 
cells at elevated temperatures has also been reported by 
Kennedy (1971). 

Lacunae production was measured as described in Table 9 
except ColIbs strR was used as the indicator bacteria and 
100 u/ml streptomycin was used to inhibit growth od Collb* 
cells. 
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were grown with aeration to exponential phaae in nutrient 

broth at 30 C, diluted 100-fold into fresh broth, which 

had been pre-warmed to 30 0 or 1{.2 C and then grown with 

aeration at these temperatures to a cell density equivalent 

to 5 x 10^/ml. The increase *JI cell mass by the tif 3train 

growing at lj.2 C is due entirely to increase in cell length 

as cell division is inhibited at that temperature. Forma

tion of filaments was verified visually using a Zeiss phase-

contrast microscope. Each culture was then sterilized 

with chloroform and centrifuged at 10,000 Xg to remove cell 

debris. The preparations of colicin were vigorously aerated 

to remove the chloroform before use. Colicin titers in 

each culture were measured by end point dilution; that is, 

serial dilutions in 0.8S> percent saline were made of each 

colicin preparation and 0.0£ ml samples of these dilutions 

were inoculated onto a lawn of colicin IB sensitive indi

cator bacteria (DH£06). The plates were incubated over

night at 37 C and then examined for inhibition of growth 

at each inoculated spot. The end point was determined to 

be that dilution which did not visibly inhibit growth of 

the indicator strain. To verify that the killing activity 

was due to the specific action of colicin lb, undiluted 

colicin preparations were also inoculated on to a lawn of 

a colicin IB resistant strain; no inhibition of this strain 

could be detected. The results of this experiment (Table 



118 

20) indicate that approximately 16-fold more colicin can 

be detected in tif ColIb+ cultures at ij.2 C than at 30 C, 

while under the same conditions, the level of colicin 
± X 

detected in tif Collb cultures remained unchanged. 

Effects of tsl Mutations on ColEl Expression 
in a recA Strain of E. coli K-12 

Expression of the colicin plasmid ColEl in E. coli 

K-12 is known to be dependent on the presence of functional 

recA and lex alleles. "Whereas ColEl replication seems 

normal in recA strains, little colicin is produced (Helinski 

and Herschman 1967). Kennedy (1971) has reported a 500-fold 

reduction in the number of spontaneously induced cells in 

recA or lex cultures, suggesting that the defect is at the 

level of induction. 

Recently, revertants of lex strains that are 

resistant to ultraviolet irradiation have been isolated 

and characterized (Mount, Walker, and Kosel 1973). These 

revertants contain a mutation (tsl) that is tightly linked 

to the original lex allele and that decreases the ultra

violet sensitivity of recA strains. However, the tsl recA 

double mutants remain recombination deficient and are as 

defective in both spontaneous and ultraviolet induction 

of phage lambda as the jcacA parent (Mount et al. 1975). 

The following experiments were done to determine 

whether the tsl allele might compensate for the defect in 

expression of a group I plasmid ColEl in a recA ho3t. 



Table 20* Spot Determination of Colicin lb Titer in tif+ and tif Cultures 

Colioin Dilution of Crude Colicin lb Extracts 
Producing 
Strain Genotype Temperature 1 1/2 l/k 1/8 1/16 1/32 

UA56 tif" 30 + - -

tif kz + + + + + 

UA£7 tif* 

tif+ 

30 

kz 

+ — 

+ — 

-

- -

Whole cell extracts were prepared from cells growing at the temperature indicated 
and tested for colicin titer. DM506 was used as the colicin sensitive indicator 
bacteria. The extent of inhibition of growth of the indicator bacteria within each 
spot is indicated by + for complete or partial inhibition and - for no inhibition. 

vO 
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Production of Colicin in a recA tsl (lea:) 
Strain 

Derivatives of E. coli 3train AB1157 carrying the 

lex+, lex, recA, tsl (lex) or recA tsl (lex) alleles were 

made colicinogenic by conjugal mating with HfrH ColEl for 

60 minutes. An integrated sex plasmid was used to mobilize 

the none on jug at ive plasmid 0 olEl in preference to using 

an autonomous conjugative plasmid so that exconjugates 

would receive and stably maintain only the ColEl plasmid. 

Because many conjugative plasmids are able to suppress 

host cell functions, the presence of such a plasmid in 

the recipient cell3 in addition to ColEl would tend to 

make interpretation of resulting data more difficult. 

Colicinogenic strains thus constructed were then tested 

for their ability to produce colicin El by measuring the 

killing activity in crude whole cell extracts of the various 

strains. Preparation of crude colicin extracts i3 described 

in detail in the Materials and Methods section. Briefly, 

cells were collected from exponentially growing cultures, 

concentrated to 5 x lO^/ml in 0,85 percent saline and 

lysed mechanically by ultrasonic waves. These lysates were 

cleared by centrifugation at 23,000 Xg and sterilized by 

membrane filtration. Killing activity was determined in 

the following manner. An overnight culture of a colicin 

El sensitive strain (DM506) was grown to exponential phase 

in nutrient broth, harvested by centrifugation at £>>000 Xg 
o 

and resuspended in 0.85 percent saline at 2 x 10 cells/ml. 
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Samples (0.9ml) of these test cells were mixed with 0.1 

ml of different dilations of the colicin extracts, incubated 

at 37 c for 60 minutes without aeration and then assayed 

for survivors on nutrient agar. The killing activity was 

verified as colicin El by placing undiluted extract samples 

(0.05 nil) on lawn.3 of colicin El sensitive or colicin El 

resistant derivatives of E. coli. After overnight incuba

tion at 37 0, growth of the resistant strain wus inhibited 

by the extract, whereas the inoculated areas on the sensi

tive indicator were clear. The results of this experiment 

are shown in Figure 22 and indicate that the level of 

spontaneous colicin production in tal recA cultures is 

restored nearly to the wild-type value in a recA* host. 

Production of Lacunae 

The increased colicin production in tsl strains 

was demonstrated to be the result of an increase in the 

fraction of induced cells. This was shown by measuring 

the number of lacunae-forming cells in exponentially grow

ing cultures of each strain. The procedures used to 

determine the fraction of lacunae-forming cells was the 

same as that described in the Materials and Methods section 

except that spectinomycin was used instead of streptomycin 

to inhibit growth of the ColEl+ cells. The results in 

Table 21 show that the level of spontaneous induction for 

the double mutant closely approximates that of the wild-type 
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100 

lex" 
10-

Ito-

tsfflex") 

0.1-

recA" tsf (lex") 

wild type 

25 50 75 100 125 150 175 

pg Protein/108 Test Cells 

Pig, 22. Killing Activity in Extracts of - ColEl* 
Cell3. — Crude colicin preparations were made from 
each strain as described in Materials and Methods. 
Killing activity was determined as described in Figure 
18. 
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parent, whereas the fraction of induced cells in recA 

or lexA cultured is reduced about 100-fold. 

Table 21. Production of Lacunae by Various Mutant 
Cell Cultures 

Strain 

GenotvDe 

lex recA tal 

Percent of 
Cells Form
ing Lacunae 

Number Rel
ative to 
Wild-Type 

DM937 (ColEl) + + + 28 x 10"̂ * 1 

D%9 (CoXEl) + + O.llf. x 10"̂  5 x io "3 

DM938 (ColEl) + + Ojj. x 10-ij- 1 x HT2 

DM935 (CoXEl) + - 7.7 x 10"̂  3 x 10"1 

DM936 (ColEl) - - 15 x 10"̂  5 x 10"1 

See Table 9 for experimental details. Each value presented 
above is the average of two separate experiments. 
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DISCUSSION 

Pour mutations localized on the E. coli chromosome 

which affect expression of bacterial plasmids have been 

characterized. Two of these, tif and tal, have been de

scribed previously in that they possess phenotypes aside 

from their interaction with plasmids. The other two muta

tions, the cmr loci, have not been previously described. 

Crar 

Perhaps the most significant aspect of identifying 

host cell mutations which relieve Collb mediated restric

tion of phage development is the very fact that such 

mutants exist. Although various observations have been 

reported which suggest the possibility of host cell involve

ment in this phage restriction system, previous attempts 

by others at isolating Cmr mutants had met with little 

success (Moyer, personal communication). In a similar 

phage-plasmid restriction system involving inhibition of 

bacteriophage T7 development by the P sex plasmid, chromo

somal permissive mutants have also yet to be described, 

even though evidence exists suggesting some host cell 

involvement in the restriction process. 

12ij. 
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The work with Cmr, which is described in the 

Results of thi3 dissertation, can be summarized as follows. 

Mutations in E. coli K-12 have been identified which permit 

T£ to grow efficiently on Collb cells. Phage development 

in the ColIb+ mutant background, as measured by examining 

one step growth kinetics, is similar to growth in a wild-

type Collb" strain; in the absence of Collb, the Cmr" 

defect has no measurable effect on phage growth. When 

phage proteins synthesized in Cmr+ Collb" and Cmr" Collb+ 

host cells were analyzed by polyacrylamide-SDS gel electro

phoresis and compared, it was found that shutoff of syn

thesis of pre-early phage proteins is delayed in the fully 

permissive mutant background. This effect was not ob

served when a single mutant partially permissive Cmr 

derivative was assayed. Inasmuch as the growth kinetics 

of T£ in the fully permissive mutant strain are similar 

to wild-type, it would seem that the delay in shutoff does 

not significantly alter the success of phage development. 

However, it is apparent that phage growth in the Cmr" 

mutant is abnormal at the molecular level. 

Several attempts were made to determine the influ

ence of cmr mutations on plasmid functions other than 

phage restriction. Production of colicin in the mutant 

host was measured and compared to that in a wild-type host. 

No differences were found when the levels of spontaneous 

induction were compared. However, a small difference was 
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detected in the amount of colicin produced in each culture; 

les3 killing activity was found in extracts of Cmr" ColIb + 

cells. This slight difference can most likely be attrib

utable to the reduced growth rate of the mutant host and 

is, therefore, not considered to be indicative of altered 

colicin synthesis. The level of immunity of Cmr- ColIb+ 

cells to the action of colicin Xb was also assayed and 

+ + 
found to be similar to the Cmr Collb control. 

The affect of Cmr on expression of other plasmids 

was also determined. The levels of antibiotic resistance 

conferred by two R plasmids, the P-like plasmid Rldrdl9 

and the I-like plasmid R6Iidrdll. residing in either a 

Grnr+ or Cmr" host were compared; the cmr loci were found 

to have no influence on the expression of drug resistance 

genes on these plasmids. 

A genetic analysis of the Cmr" defect revealed 

that what was originally thought to be a single mutation 

was actually two, one in the cmrA gene, 91 percent co-

transducible with spcA and proximal to aroE, and one in the 

cmrB locus, 75 percent cotransducible with strA and distal 

to aroE. ColIb+ cells which are of the genetic structure 

cmrA cmrB4* exhibit a partially permissive phenotype and 

have a relative plaque forming ability for Tj> of 0.1 com

pared to fully permissive cmrA cmrB mutant cells. By 

comparison, the efficiency of plating of T5> on cmr* ColIb+ 



127 

cells is 10"*6. The Cmr phenotype of cmrA+ cmrB mutant 

derivatives is not presently known but one possibility is 

discussed below. Wu (1966) has proposed a theoretical 

model for three-point analysis of random generalized trans

duction and has used the model to accurately correlate 

frequency of cotransduction to distance in daltons between 

genetic markers. This relationship is defined by the follow

ing quotation: 

cotransduction frequency = 1 - (distance ^f^ers! 
\length of transducing / 

particle 

Since the cotransduction frequency between cmrA and spcA 

is known, as is the length of the PI transducing phage 

genome (6 x 10*^ daltons), one can readily calculate the 

distance between apcA and cmr A. Assuming an average molecu

lar weight of 666 daltons per base pair, the cmrA locus is 

only about 2700 base pairs from the ribosomal cistron 

region defined by strA-apcA and may be a mutation in ribo-

some structure. Chromatographic analysis of ribosomal 

proteins from these strains is currently underway. Alter

nately, cmrA may be an allele of the structural gene for 

the alpha subunit of E. coli RITA polymerase, which has 

recently been positioned near spcA (Jaskunas, Burgess, 

and Nomura 1975). Jaskunas et al. (1975) have identified 

at least three genes separating SPCA and the gene for RITA 

polymerase and subunit synthesis. These include the 30s 
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ribosomal subunit proteins Slj., Sll and S13. Brown and 

Apirion (197J-J-) have proposed that the gene for a fourth 

30s ribosomal subunit protein, S6, also maps in this region. 

The combined molecular weight of these proteins, including 

the spcA protein, S£, is in the range of 79,000 to 102,000 

daltons, which could be encoded by a minimum of 2lj.00-3000 

base pairs of DNA, assuming no spacing between genes and 

no additional genes (Wittmann 197^). While this calcula

tion is based on assumptions which may not prove to be 

entirely valid, it does serve to point out that the gene 

for RHA polymerase alpha subunit synthesis and the cmrA 

gene are in close proximity on the E. coli chromosome. 

However, other data presented here concerning the 

recessiveness of cmr mutations suggest that the two loci 

are not the same. By analogy to the rifampicin resistance 

mutations affecting the polymerase beta subunit, one might 

expect that permissive cmr mutants, also altered in poly

merase structure, could exhibit intermediate dominance in 

the heterozygous state. For example, bacteriophage T2, 

like T£, requires functional host RNA polymerase for normal 

development, T2 growth is therefore inhibited in a rif

ampicin sensitive host cell in the presence of rifampicin. 

"When T2 growth was measured on rif^/rif® merodiploid host 

cells in the presence of rifampicin, intermediate resistance 

of phage development to the antibiotic was observed 
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(Ilyina et al. 1971)• Thus, one might also predict inter

mediate permissiveness in the cmr+/cmr merodiploids instead 

of the full restriction observed. Nevertheless, it may 

ultimately be necessary to physically compare alpha sub-

+ — units from Cmr and Cmr derivatives to prove or disprove 

identity. 

Several other genes reported to map in this area 

of the E. coli chromosome were also tested to determine 

whether they were identical with the cmr loci. The genes 

aroE SPCA strA and crp were shown to be cotransducible 

with but genetically distinct from cmr genes. Mutants in 

each of these genes and dnafi, as well as in a gene for 

potassium transport, trkB, (data not shown) and for amikacin 

resistance (data not shown) were also found not to display 

the Cmr" permissive penotype. 

The phenotype of the cmrB locus in the absence of 

the cmrAl allele has not been determined but preliminary 

results suggest that it may be responsible for the slow 

growth of the mutant strain. In that event it would be 

phenotypically similar to, and possibly identical with, 

the sloB gene reported to be linked to strA (Westling-

Haggstr&a and Norm'ark 1975). The slobB locus was originally 

identified as a second site mutation in an envBsloB double 

mutant isolated for its aberrant sphere-like cell..morphol

ogy. When present alone, this allele was found to cause 

a reduction in the growth rate of the cell. As a 
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consequence of the slower growth rate, sloB mutants are 

also somewhat resistant to ampicillin. Both the reduction 

in growth rate and the increased resistance to ampicillin 

have been observed in the Cmr" isolate. The cotransduc-

tion frequency between sloB and strA was not reported. 

The collective effects of the cmr mutations on 

host cell metabolism are minimal, resulting in a slight 

reduction in growth rate in either complete or complex 

media. The RNA/protein ratio during steady state growth 

of Cmr" cells is slightly lower than for Cmr+ cultures , 

suggesting that the growth defect may be the result of a 

reduced ability of the mutant to synthesize RHA. However, 

it i3 more likely that such a minor difference is not sig

nificant and is the result, rather than the cause, of the 

reduced growth rate. The Cmr" cultures also appear to have 

altered sensitivity to various antibiotics. The increased 

resistance to ampicillin has already been mentioned. The 

cmr alleles also seem to make the cells more sensitive to 

the aminoglycoside antibiotics k an amy c in and gentamicin. 

Sensitivity to several non-amino glycoside antibiotics was 

not similarly affected and, therefore, it would seem that 

the mutations specifically alter aminoglycoside sensi

tivity rather than influencing sensitivity indirectly by 

altering cellular permeability. Apirion and Schlessinger 

(1969) have shown that mutations which alter ribosome 

structure occasionally exert other indirect effects; that 
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is, some mutants isolated as resistant to tbe aminoglyco

side neomycin eschibit increased sensitivity to spectino-

mycin even though each antibiotic act3 on a different 

subunit protein. The above findings can therefore be 

taken as further evidence that at least one of the cmr 

mutations is a mutation in ribosome structure. 

Finally, the cmrA" cmrB~ permissive genotype was 

shown to be recessive to wild-type in cmr+/cmr heteroge-

notes. The recessive nature of the imitant alleles can 

be interpreted most simply as indicating one of two con

ditions. The permissive phenotype may be the result of 

the I03S or inactivation of a host cell product which is 

necessary for Collb mediated restriction of phage T£. 

In this event, introduction of the cmr4* episome would 

restore the product(s) resulting in full restriction. 

Alternately, by analogy to other mutations affecting 

ribosome structure, the permissive phenotype may be 

recessive because even when both wild-type and imitant 

gene products are present together in the cell, only the 

wild-type phenotype is expressed (Kadner and Maas 1971). 

In merodiploids which contain both the wild-type allele 

for streptomycin sensitivity and the mutant allele which 

codes for synthesis of streptomycin resistant ribosomes, 

the overall phenotype of the cell is that of the wild-type, 

streptomycin sensitivity. Ribosomes in such cells are of 

two classes, one resistant to streptomycin and the other 
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sensitive; however, polysomes composed of both classes 

are unable to successfully produce polypeptides in the 

presence of the drug and the cell is phenotypically sensi

tive. Similarly, the cmr mutations may act by desensitiz

ing certain cell products to the action of the plasmid 

specified phage arrest protein (pha), thus allowing normal 

phage development in the presence of Collb (Hull 197^1-) • 

When both the sensitive normal product and the insensitive 

mutant product are together, the wild-type phenotype might 

prevail. 

Regulation of Tg Develoment in 
Collb1*- Cell3 

The usefulness of these results can most readily be 

assessed when viewed in relation to models for the restric

tion of Tj? development in Collb4* cells. The following 

model is proposed to describe the regulation of Tf? develop

ment relevant to its interaction with Collb (Figure 23).  

Following injection of the FST-DNA into a Collb~ host and 

expression of some pre-early genes, the h gene product 

acts as a catalyst for formation of oligomers of phage 

protein le. Mizobuchi and McCorquodale (197W have re

ported that oligomers of protein le are formed during 

wild-type T5 phage growth but are absent during growth of 

h mutant phage. These oligomers may function to increase 

ribosome affinity for Class I message with the simultaneous 

reduction in affinity for host or Class II phage message. 



pha Col lb 

oligomer 

(4 

Fig. 23. Schematic Representation of a Model for Gollb Mediated Restric
tion of Bacteriophage T£. — (1) Increases ribosome affinity for Class I 
rnRHA., (2) Increases ribosome affinity for Class II and Class III mRITA. 
(3) Prevents PI from protecting Class II and Class III mRHA. (ij.) Cmr" 
ribosomes will not interact with le oligomers. 
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Whereas Tg phage mutants seem to grow quite successfully, 

thi3 would not seem to be an essential function. Very soon 

after second step transfer, two additional proteins are 

produced which affect the efficiency of translation for 

T5 mRNA. The function of one of these could he to remodify 

the host ribosomes to increase their affinity for Class II 

message at the expense of translation of pre-early genes. 

The other protein produced may have a role in degrading 

unprotected mRHA, i.e., message which is not tightly bound 

to ribosomes. A3 indicated from this model, if only first 

step transfer is allowed, pre-early proteins should be and 

are produced for an extended period of time, about 15 

minutes after infection, rather than being shut off at the 

normal time, 6 minutes after infection (Mizobuchi and 

McCorquodale 197^). The Collb plasmid could inhibit normal 

phage development by preventing modification of host ribo

somes by the postulated Class II phage protein. Therefore, 

when the proposed Class II ribonuclease is synthesized, 

both Class I and Class II messages are degraded and the 

infection is aborted. By this model Herman and Moyer 

(197£) would be able to detect synthesis of Class II 

message in ColIb+ cells in the presence of chlorampheni

col because they prevented translation of the Class II 

ribonuclease. Host range (h) mutants of T5 would be 

insensitive to restriction because they are defective in 
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the Class I ribosome modification step. Unmodified ribo-

somes would thus retain their original affinity for Glass 

II mRNA and the Glass II modification would not be needed. 

No h mutants have been identified so far that are defective 

in the postulated ribonuclease although such mutants should 

theoretically exist. This would be expected if the BNAase 

function were essential to T5> development. 

The products of the host cinr loci would seem to 

be the logical site of action of the Class I translation 

modifier. However, the cmr alleles may act by increasing 

ribosome affinity for both Class I and Class II message 

rather than simply resisting the Class I modification. 

Data ' presented in this dissertation show that shut-

off of Class I protein synthesis is delayed in cmr mutants 

as would be expected if Class I pre-early mRNA were pro

tected from nuclease inactivation. Expression of Class II 

genes appears to be reduced in the Cmr" mutant host, 

probably due to competition with pre-early message for 

available translational equipment. Nevertheless, the burst 

3ize and latent period of T$ in Cmr" ColIb+ host cells are 

similar to wild-type, so the level of Class II protein 

synthesis must be sufficient to sustain phage development. 

By analogy to ribosomal protein mutations which affect 

resistance to aminoglycoside antibiotics, cmr mutations 

should be recessive to the wild-type allele. Polysomes 
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composed of ribosomes of low affinity (Cmr+) for Class XI 

message mixed with those with equal affinity for Class I 

and ClaS3 II message (Cmr**) would not afford adequate pro

tection Just as mixtures of str^ and str5 ribosomes cannot 

efficiently translate mRNA in the presence of streptomycin. 

The proximity of the cmr loci to known ribosomal genes as 

well as their effect in altering cell sensitivity to amino

glycoside antibiotics also lends credence to any model 

proposing ribosome involvement in Collb mediated inhibition 

of T£ development. 

The role of the plasmid pha gene can also be readily 

explained within the framework of this model. Collb plas-

mids carrying the pha mutation do not arrest T£ development. 

The pha+ gene makes a product which prevents the phage 

specified Class II ribosome modification step. It could 

either interact directly with the phage Class II protein or 

it may compete for a site on the host ribosomes. A close 

tie between expression of colicin synthesis genes and re

striction of T£ is implicated by the observations that only 

plasmids which produce colicin lb are capable of restrict

ing T£ and that pha permissive mutant plasmids are altered 

in expression of colicin genes. 2fo other plasmid functions 

seem to be affected by either the pha or cmr mutations. 

Nor is the expression of R plasmids, either related or un

related to Collb, affected by the mutant cmr loci. 
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Isaacson and Xonisky (197^*,b) have presented evidence 

consistent with a model of regulation of colicin lb 

synthesis at the post-transcriptional level. Their re

sults suggest that although only a small fraction of cells 

in colicinogenic culture are actually producing colicin at 

measurable levels, all cells seem to be transcribing the 

same species of GolXb specific mEHATs. The pha product may 

therefore have a role in regulating colicin synthesis. 

This model provides a role independent of the 

plasmid-phage interaction for each of the genes involved 

and suggests certain experiments which will be useful in 

determining its validity. If T£ Class I message is stabil

ized in infected cmr ColIb+ cells, it should be possible to 

demonstrate that fact; the extended period of Class I pro

tein synthesis in cmr ColIb+ cells should not be prevented 

if RNA synthesis is inhibited with rifampicin after an 

initial period of transcription is allowed. One might 

predict that the shutoff of Class I protein synthesis 

should also be delayed in a cmr Collb" host, but the role 

of the pha product in this respect i3 not clear and may 

tend to cloud the results of such an experiment. The gel 

analysis of phage proteins produced in a partially per

missive cmr single mutant suggests that part of the 

permissive phenotype may not be related to this phenomenon. 

This can better be determined when the contribution of 
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each individual cmr locus to the fully permissive pheno-

type is better known. 

A similar post-transcriptional control model has 

been proposed by Chace and Hall (1975) to explain over

production of certain gene products by mutants of bacterio

phage Tl|.. Karam and BcwLes (1971J-) have described a mutant 

bacteriophage Tif. which overproduces many early gene pro

ducts but which does not produce altered amounts of late 

gene products. They could detect no increase in trans

cription in these mutants suggesting that the altered 

expression of early genes was due to increased translation 

of existing message. Chace and Hall (1975) have identi

fied and characterized two classes of Tlj. regulatory mutants 

which overproduce the phage product dihydrofolate reductase. 

The Class I mutants also overproduce three other early 

phage products. This was accompanied by a delay or a 

reduction, or both, in the synthesis of several quasi-

late proteins. A simple model was proposed to explain 

overproduction of early gene products by these mutants. 

It was suggested that Class X overproducers are defective 

in recognition of quasi-late promoters. Translational 

equipment which would normally have been used to trans

late quasi-late message into protein was thus available to 

continue translating pre-existing early message at high 

efficiency. For probably a similar reason, the 
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overproduction of Tlj. gene products by the mutant identified 

by Karam and Bowlss (197^) was also enhanced if transcrip

tion of late genes was prevented. The Class II Tlj. mutants 

found by Chace and Hall (1975) were different in that they 

overproduced only dihydrofolate reductase and to a 3mall 

degree, dTMP kinase. Shutoff of synthesis of reductase 

in some of these mutants, which normally occurs about 5 

minutes sifter infection, was delayed until 10 to 12 minutes 

after infection. These mutants also were not altered in 

expression of all late genes; rather, synthesis of some 

late polypeptides wa3 delayed while synthesis of others 

was not. Overproduction of viral gene products was shown 

to continue even when transcription of the relevant genes 

was interrupted with rifampicin suggesting that existing 

message is being translated to a greater degree (as in 

Class I mutant) or more efficiently in the mutant or pos

sibly that early mEHA of the mutant phage is more stable. 

Chace and Hall (1975) propose that the protein missing in 

Class II overproducing mutants could normally prevent 

translation of some early messages either by causing their 

degradation or by preventing their translation. 
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Other Models Proposed for Collb 
Mediated Restriction 

Transcriptional Control 

The initial observations concerning Collb mediated 

restriction of phage Tf>, and of the related phage BF23, 

support molecular mechanisms involving trnascriptional 

regulation. Since only trace amounts of Class II message 

can be detected in T5 infected Collb cells, it is tempt

ing to suggest that an alteration of host RNA polymerase 

or of phage DMA template structure, which is requisite for 

early gene transcription, is prevented in colicinogenic 

cells, 

Beckman, Witonsky,. and McCorquodale (1972) have 

shown that bacteriophage T%, like Ti|., relies on the KNA 

polymerase of the host cell for transcription of all viral 

RNA. In the case of Tlj., the beta, beta' and alpha sub-

units of the host RITA polymerase are conserved throughout 

the infection (Engback, Gross, and Burges3 1976; G-off and 

Weber 1970) • However, after Tlj. infection the activity of 

the alpha subunit appears to be altered and several new 

phage polypeptides are found to become associated with the 

host polymerase (Stevens 1972, Stevens and Crowder 197W • 

Horvitz (197^) has shown that Tij. induces two sequential 

phosphorylations of the alpha subunit of the host RNA 

polymerase. The beta or beta' or both, and the 3igma 

are also phosphorylated to a lesser extent, apparently 



by the same enzyme and at the same time as the alpha 

sub-unit. 

The possibility of host cell RNA polymerase involve

ment in the restriction of bacteriophage T5> by Collb has 

recently received considerable attention. Most simply, the 

models postulated propose that a Collb product interacts 

with host RNA polymerase in such a way as to make it in

sensitive to a subsequent modification by T5 which might 

be required for transcription of Class XI and Class III 

genes. Szabo et al. (1975) have examined host RITA poly

merase structure of T£ infected Collb+ cells and report the 

following observations. (1) Polyacrylamide-SDS gels of the 

RNA polymerase subunits from infected and uninfected ColIb+ 

cells are identical with those from non-colicinogenic 

cells. (2) The Collb plasmid does not itself seem to spec

ify any components which bind to the host RNA polymerase. 

(3) Only one T5> Class I polypeptide (11,000 d) is found 

associated with RNA polymerase in T5 infected ColIb+ cells. 

Neither of the Class II polypeptides is found bound to 

polymerase; thi3 is not surprising since only one or two 

Class II proteins are synthesized in ColIb+ cells. (Ij.) 

The h mutation in T5 eliminates a Class I phage polypeptide 

of 12,000 d and alleviates the premature termination of 

Clas3 II transcription to allow Tf? growth on Collb"1* cells. 

The protein affected by the h mutation, however, is not the 

Class I polypeptide which binds to host polymerase. 
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Szabo and Moyer (1975) have compared the RNA 

species synthesized in vitro from a T5 DNA template by 

polymerase from either T5 infected Collb*1* cells or T5 

infected Collb" cells. They found that T5 DNA was trans

cribed efficiently in vitro by either polymerase and that 

in each case, all classes of RNA were produced. Thus, 

restriction of Class II transcription by Collb does not 

seem to occur in vitro under these conditions. Although 

T5 seems to require, and to interact with, the host RNA 

polymerase and would, therefore, be susceptible to a 

restriction mechanism which might interfere with that 

interaction, such does not seem to be the case. The in

formation presented above suggests that Collb does not 

interact with host polymerase and that the interaction of 

at least one of the T5 products with the polymerase is not 

prevented by the plasmid. These findings also indirectly 

support the postulate that cmrA is not a mutation in RNA 

polymerase structure. 

As mentioned in the Introduction, the T5 DNA 

template contains several nicks during the expression of 

pre-early genes but these nicks are sealed by a phage DNA 

ligase prior to expression of early and late functions. 

Herman and Moyer (1975) have proposed that T5 is unable to 

transcribe genes from a sealed template when Collb is 

present and for that reason cannot express Class II genes. 
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They cite as evidence the observation that if early pro

tein synthesis and repair of the phage DNA template is 

prevented, early genes can be transcribed despite the 

presence of the Collb plasmid. This model implies that the 

product of the T£ h gene must be responsible either for 

sealing the DMA or preventing transcription of repaired DNA 

in the presence of Collb. The sealing function, T£ DNA 

ligase, is now known to be one of the first Class II genes, 

not h (Herman and Moyer 1975). The h protein is also known 

not to interact with host BNA polymerase and therefore 

probably does not directly alter polymerase specificity 

for a nicked or sealed template. This does not rule out 

the possibility that the h gene product interacts with host 

(cmr) and plasmid (pha) products to antagonize the action 

of phage MA ligase. But such a model suggests that phage 

restriction is .the result of a rather unlikely interaction 

among three polypeptides to produce a specific ligase 

inhibitor; what functions these proteins might have sepa

rately would be difficult to imagine. It also does not 

provide a simple explanation for the delay in shutoff of 

pre-early protein synthesis in Cmr" mutants. Benzinger 

and Scheible (197W have shown that the conversion of the 

T5 DNA template from a nicked to a sealed configuration 

has no effect on pre-early gene expression. Still, until 

the structure of the phage template is determined in Tf? 

infected Cmr" Collb"1* cells and in h infected Cmr4" 
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Collb4" cells and shown either to be nicked or sealed at 

early times, this model cannot be dismissed. 

Restriction Due to Membrane 
Permeability Changes 

McCorquodale (1976) has proposed that the mechanism 

for the arrest of growth of in ColIb+ cells is a general

ized loss of cellular integrity. Donna Duckworth (personal 

communication, University of Florida, Gainesville, Pla.) and 

McCorquodale (1976) have shown that the cell membrane of 

both colicinogenic and noneolicinogenie cells is modified 

after infection with T5. They suggest that the modifications 

of the membrane of ColIb+ cells after infection with Tf? are 

incompatible with normal membrane function, resulting in a 

continued efflux of low molecular weight components. Non-

colicinogenic cells infected with undergo only a transient 

efflux of low molecular weigjht components. McCorquodale 

(1976) suggests that the Collb plasmid induces modifications 

of the membrane and these modifications, when together with 

alterations induced by Tf?, render the membrane nonfunctional. 

This model does not suggest a reason either for 

the delay in shutoff of pre-early protein synthesis or for 

the altered aminoglycoside antibiotic sensitivity in Cmr** 

mutants. Studies of the membrane permeability of Cmr" cells 

currently being done in collaboration with Donna Duckworth 

may help to determine the validity of this model. 



A Translational Model for Phage 
Restriction 

A mechanism for translational control has been 

proposed by Morrison and Malamy (1971) to explain the 

restriction of phages T7> dl, t^II, T3 and W31 by wild-

type F plasmids. If phage T7 is allowed to infect an 

F E. coli host, the phage DNA is injected successfully 

and is transcribed in a nearly normal fashion but only 

the earliest phage proteins are produced and the infection 

is abortive. All the T7 specific mRNA detected in F~ 

cells early in infection is represented in infected P 

cells. But in the latter case, the message is only poorly 

translated. Although there are certain similarities be

tween inhibition of T7 development by P and Collb mediated 

restriction of T5 in that both systems suggest plasmid-

host-phage' interactions and result in abortive infections 

after apparently normal expression of a few early genes, 

there i3 also at least one important difference. Experi

ments done to study the appearance of phage mRNA in 

infected Collb*1" cells have shown that little or no Glass 

II or Class III mHNA can be detected under restrictive 

conditions (Moyer et al. 1972) • Thu3 it appears that in

hibition of Tf? development is not due to a translational 

defect similar to that proposed for the P - T7 interaction. 
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Expression of Plasmids in 
DNA Re-pair Mutants 

The experiments described here to examine expres

sion of the two Col plasmids in several repair mutants of 

E. coli, although limited in scope, were designed to answer 

one question. Are the molecular mechanisms regulating in

duction of bacteriophage lambda and induction of Col plas

mids identical or can bacterial mutants be identified 

which define a difference between the two? 

tif 

The Group II Col plasmid Collb was used to determine 

whether the tif mutation, which causes thermal induction of 

lambda, similarly affects Collb induction. Collb was 

specifically chosen in this experiment because it is in

ducible in a recA background while Group I plasmids and, 

more importantly, lambda are not (see Introduction). This 

suggests that the recA* product may not be an important 

factor in the induction of oolicin lb synthesis. 

Mount (personal communication) has proposed that 

the tif mutation results in a structural gene mutation in 

the recA protein which is spontaneously activated at lj.0 C 

even in the absence of normal activating treatments such 

as ultraviolet irradiation. Activation of the recA prod

uct is thought to result in the induction of many of the 

properties associated with DNA repair; for example, 
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induction of lambda in lysogens, increased mutability and 

inhibition of cell division. All of these properties are 

observed in tif cultures at i|_0 C but are not expressed in 

recA derivatives. 

(Judas and Pardee (1975) have proposed that tif is 

a mutation in the operator site of a genetic region which 

directs the synthesis of several proteins involved in DNA 

repair. They suggest that the tif mutation reduces the 

operator's affinity for repressor, especially at elevated 

temperatures, and thus makes the operon more sensitive to 

the action of an inducer protein which they postulate i3 

the product of the recA gene. 

These and . other models which have been proposed 

for the action of tif have as a common feature the concept 

that the expression of the Tif phenotype is directly or 

indirectly dependent on the presence of the recA protein, 

Whereas expression of Gollb, unlike lambda, is not de

pendent on a functional host recA gene, it seemed likely 

that Collb induction might also be independent of the 

action of tif. To the contrary, the results presented 

here show that synthesis of colicin is induced by the tif-1 

allele at Z4.0 0, suggesting that the mechanisms for induc

tion of lambda and ColXb in this bacterial mutant are 

identical. 
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Expression of the Group I plasmid ColEl was 

measured in E. ooli derivatives carrying different combi

nations of the lex, tsl and recA alleles. Mount et al. 

(1975) have shown that the presence of the tsl imitation 

in a recA strain tends to partially restore resistance to 

ultraviolet irradiation but does not restore the strain's 

recombination ability or its proficiency in supporting 

the induction of bacteriophage lambda. 

G-udas and Pardee (1975) have demonstrated that 

the presence of a tsl-1 mutation in a recA mutant deriv

ative restores that cell's ability to produce protein X. 

Protein X is a specific protein whose synthesis is induced 

in recA* and lex*** cells by treatments which inhibit E8JA 

synthesis. Protein X is not inducible in cells harboring 

lexA or recA mutant alleles in the absence of tsl-1. 

Induction of both lambda and the ColEl plasmid is also 

dependent on functional lex and recA alleles, although the 

requirement for lex in lambda induction appears to vary in 

different genetic backgrounds (Mount, personal communica

tion). Because of these similarities, it seemed likely 

that expression of ColEl, like lambda, would remain defec

tive in the tsl recA genetic background. However, the 

results presented here show that spontaneous colicin pro-
r 

duction by ColEl in a recA strain is restored nearly to 
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wild-type levels by the presence of a tsl second site muta

tion. The mechanism of ColEl induction may therefore be 

somewhat different from the induction of lambda. A similar 

conclusion was reached by Kennedy (1971) based on ten^era-

ture induction experiments with ColEl and ColE2. She found 

that induction of colicins El and E2 was increased by incu

bation at elevated temperatures (lj.3 C) or by pretreatment 

with chloramphenicol. The induction of lambda was unaffect

ed by these treatments. Mount et al. (1975) also reported 

that the increased resistance to ultraviolet irradiation 

in tslrecA derivatives could be eliminated by Introducing 

an additional DMA. repair mutation, uvrA. ColEl has been 

introduced into this triply mutant strain and examined for 

colicin production qualitatively using the stab test. The 

uvrA tsl recA derivative was found to have retained its 

ability to express ColEl. 

These data are insufficient to distinguish between 

models for ColEl induction, but it does suggest a line of 

future experiments which might clearly distinguish between 

induction of ColEl and induction of lambda. As mentioned 

in the Introduction, colicin synthesis in induced cell3 is 

a lethal event. By selecting for survivors in a ColEl"1* 

culture which has been induced to colicin synthesis, one 

should be able to isolate mutant E. coli derivatives which 

do not permit induction of colicin. Prom an induced 



culture of ColEl+ tsl+ cells, lex and recA mutants would 

be the predominant class. But in a ColEl* tsl culture, 

these mutations would be suppressed and a new class of 

mutants would be selected, These would be altered in the 

gene uniquely responsible for induction of ColEl, perhaps 

mutant in the structural gene for protein X. Characteri

zation of such a mutant might suggest a general mechanism 

of induction for Group I plasmids. 
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